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Abstract

Fuel efficiency, weight reduction, and sustainability are major global challenges
fuelling research into advanced material systems. There is an urgent necessity to reduce
weight of products using durable, recyclable, and lightweight materials. Woven
thermoplastic composites are attractive candidates for the replacement of metals in a wide
range of industries from automotive to aerospace. They offer attractive benefits such as
high specific strength, balanced thermomechanical properties, improved fatigue and wear
resistance, and recyclability. However, there are major concerns regarding adaptability of
woven thermoplastic composites into the mainstream of high-volume manufacturing
industries. Addressing these concerns necessitates understanding forming and failure

behaviours of this class of composite under high strain forming conditions.

A survey of literature highlights shortcomings of existing failure criteria of
composite materials. Most of these failure theories are based on failure in a single layer
lamina and as such their accuracy drops significantly in multilayered composite materials.
Residual stress induced by the manufacturing processes is neglected in most failure models.

Most importantly existing failure theories have been developed on fibre reinforced

thermoset composites. This invalidates application of existing failure theories on woven

thermoplastic composites due to complex interlacing structure of textile reinforcement and

fundamental differences between forming and failure behaviours of thermosets and

thermoplastics.

This thesis investigates formability and failure behaviour of a woven self-reinforced
polypropylene composite (SRPP) using a custom-built press, an open die system, and a real
time three-dimensional photogrammetry measurement equipment (ARAMIS). Specimens

with novel geometries with different aspect ratios and fibre orientations were formed until



catastrophic failure event. Deformations and strains were measured and a forming-mode
dependent failure envelope was constructed. Failed samples were examined using optical
microscopy technique to reveal the correlation between failure mechanisms and
deformation modes of the woven composite. Forming behaviour of SRPP were
benchmarked against a woven glass-fibre reinforced polypropylene composite (GRPP) and

the effect of reinforcements in formability and failure of woven composites was elucidated.

Mechanical characterisation experiments were conducted on SRPP using a universal
testing machine and a non-contact in-situ strain measurement system to characterise
mechanical behaviour of the composite at room temperature. The highly nonlinear
behaviour of SRPP necessitated adopting an incremental deformation theory to develop
constitutive stress-strain relations and construct an orthotropic material model. Material
and failure models were implemented into a finite element analysis software (Abaqus)
using FORTRAN. A finite element model with nonlinear contact conditions was developed
to predict formability and failure behaviours of the SRPP during stamp forming process.
Strain path, strain distribution and failure loci in SRPP specimens were predicted using
finite element analysis with a high accuracy. Results, verified by experiments,
demonstrated the high potential of the proposed numerical model in predicting forming and
failure behaviours of woven thermoplastic composites under a wide range of deformation

modes.

Wrinkling behaviour of the SRPP composite was investigated through a novel
Modified Yoshida Buckling Test (MYBT). Specimens with unique geometries were
uniaxially stretched to initiate out-of-plane deformations. Strains and their evolutions were
studied before and after wrinkling initiation. Effect of specimens’ aspect ratio on onset of
wrinkling was investigated. It was shown that the severity and height of wrinkles are
dependent to specimens’ aspect ratio. Experimental results were employed to construct a

Wrinkling Limit Diagram (WLD) for a composite for the first time. Some of the limitations



of existing wrinkling measures to predict onset of compressive instability in woven

composites was demonstrated.
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Chapter 1

Introduction

1.1 Background to the Study

In recent decades, increased usage of fossil fuels has caused major environmental issues
such as shortages of non-renewable energy resources, air pollution, and anthropological
climate changes. Studies [1-5] predict that under current consumption rates most of fossil
energy resources will be depleted in near future. According to other studies [6, 7], the
annual emission of CO; and other Green House Gases (GHGSs) have increased significantly
over the last few decades. The total GHG emission increased by 41% from 1990 to 2009,
and the annual emission rate rose by 3.4% between 2000 and 2008. The global average
temperature has risen by 0.6°C over the last three decades and 0.8°C since last century [8].
These figures indicate an accelerating trend of fuel consumption and GHGs emission. Table
1.1 demonstrates data on energy consumption since 1971 and predicted energy usage in

future.

According to statistics published by the International Energy Agency (IEA), the
automotive industry is responsible for nearly 23% of total CO, emissions worldwide [9]. It
was revealed that among several contributing factors, weight of the automobile is one of
the most critical parameter influencing CO, emission and fuel consumption. It has been
demonstrated that every 100 kg decrease in the weight of an automobile results in a 12%
reduction in fuel consumption of diesel engines and 15% for gasoline engines [10]. A

100 kg reduction in the weight of an automobile yields 8.4 g/km decrease in CO, emissions.



Table 1.1: World energy consumption (Mtoe) [11]

Energy source 1971 2000 2010 2030 I’::rne‘;i:a

Coal 530 554 592 664 0.6%

oil 1,890 2,943 3,545 4,956 1.8%

Gas 604 1112 1333 1,790 1.6%
Electricity 377 1,088 1,419 2,235 2.4%
Heat 68 247 260 285 0.5%
Renewables 66 86 106 150 1.8%
Total 3,634 6,032 7,254 10,080 17%

The aforementioned facts and figures necessitate finding appropriate substitutes for
current high-density material systems (e.g. metals) utilised in mass production industries.
Several reports [12, 13] confirm that the total contribution of the transport industry in fuel
consumption is equal to 20%, 28%, and 24% in Europe, the US, and Australia, respectively
[14]. Currently, metals such as steel (HSS and HSLA) and aluminium alloys (Al-Si alloys)
are extensively adopted for the manufacture of components used in transportation vehicles.
An underlying factor of this high level usage is the superior mechanical properties of
metals, such as excellent formability, high strength, and recyclability. However, high
density of metals results in heavy products that contribute to preceding environmental
problems. Achieving weight reduction targets to satisfy tight regulatory reinforcements in
transport industry necessitates substituting metals with light material systems such as
composites. The substitute materials need to satisfy design, manufacturing and production

requirements including strength, toughness, cycle time and cost.

Advanced composite material systems could be found in different industrial

applications due to a wide range of attractive properties including high specific strength,




improved wear resistance and design adaptability. It has been shown that polymer matrix
composites (PMCs) offer additional advantages over other classes of composite including

relatively low manufacturing cost and improved impact energy absorption.

PMCs are categorised based on the type of polymer used in their structure namely
thermosetting (thermoset) and thermoplastic composites. Thermosets, composed of
monomeric polymer resins with a quite low viscosity, penetrate easily between
reinforcements and impregnate fibres. Applying sufficient pressure and temperature over a
period of time on thermoset prepregs cross-links them through covalent-bonds and produce
high strength products. However, manufacturing process of thermosets is complex, labour-
intensive and time-consuming and the final product cannot be recycled. Components are
made from thermoset-based composites using different technigques such as hands lay-up,
compression moulding, and resin transfer moulding (RTM). Thermoset composites are
mainly used in the aerospace industries due to their high specific strength, adaptability to

design criteria and high resistance against corrosion.

Thermoplastics are polymeric materials with long molecular chains that are not cross
linked. They soften if heated and flow like a highly viscous fluid. They can be reshaped
after initial consolidation. Thermoplastic composites are manufactured through similar
processes as thermosets; however, heating and cooling period is different and curing
process is not required. Thermoplastic composites offer advantages over thermosets
include higher ductility, shorter manufacturing cycle time, and recyclability. These
properties make them attractive alternatives to thermoset-based composites in high volume

industries where environmental concerns are a priority.

Thermosets and thermoplastics are both classified as polymers, yet possess distinct

structural, chemical, and physical attributes. As a result, the composites made from these

polymers exhibit different response to external loadings which contribute to a completely

different forming behaviour and failure mechanism. These differences are accentuated by




a different bond strength between fibre and matrix in the two polymer composites.

In the aerospace industry, thermoplastic composites have gained an increasing
popularity in high performance applications. The airbus A340-600 and A380, introduced
to the market in 2002 and 2007 respectively, utilise some of the largest thermoplastic
components in their structures [15]. These components include thermoplastic skins
reinforced with welded ribs, angle brackets and panels. Substituting original components
made of aluminium and titanium with thermoplastic composites have resulted in weight
savings between 20% and 50%. Gulfstream G650 is another example of aircrafts using
thermoplastic composites in their floor panels[16]. As a result of a welded thermoplastic
component used in rubber and elevator rail sections, a 10% weight reduction was achieved
compared to the original component made of a thermoset composite. The usage of
thermoplastic composites in aerospace industry has increased by approximately 400%

since 2005 [15].

Woven Thermo-Plastic Composite Materials (WTPCMs) are a hew class of composite
materials in which woven fibres are used as structural reinforcements. Application of
woven composites in manufacture of components eliminates the inherent shortcomings of
fibre-reinforced composites (FRCs) and offer superior mechanical properties including
improved resistance to crack propagation and balanced thermomechanical properties [17].
High volume production capability is an essential element for the introduction of WTPCMs
into high-volume industries such as the automotive. Stamp-forming has long been used to
rapidly produce metal components. A number of studies [18-21] have examined the

potential of stamp forming of composite prepregs. However, no effort has been made to

investigate formability and failure behaviour of WTPCMSs under consolidated forming

conditions. Wide spread application of composites could be realized if existing complex,
labour intensive manufacturing methods are substituted with rapid forming techniques such

as stamping. Stamp forming of consolidated composites not only yields cost-effective



products but also facilitates a smooth transition from metals to composites by integrating

with existing production technologies.

Another limitation to the wide spread application of woven thermoplastic composites
is the lack of efficient models to predict failure of WTPCMs under complex loading
conditions. There are myriads of failure models originally developed on unidirectional
fibre-reinforced thermosetting composites. However, failure of thermoset-based
composites is substantially different to failure of thermoplastic composites. Thermosetting
composite are very brittle and experience localised failure at a very early stage of
deformation, while thermoplastics are ductile and can sustain large deformations before
failure. These differences invalidate application of existing failure models on thermoplastic

composites.

Woven thermoplastic composites possess very different reinforcing and polymeric
structures to thermoset-based FRCs, and as such exhibit different failure behaviours due to
the following reasons: First, interactions between warp and weft yarns makes failure
phenomena very complex compared to fibre reinforced composites. Second, deformation
and failure of thermoplastics and thermosets are inherently different. These fundamental
differences necessitate studying forming and failure behaviours of woven thermoplastic
composites by a combined experimental-numerical approach adopted in the current

research project.

1.2 Research Objectives

High volume production of WTPCMSs requires adopting suitable criteria for predicting
failure under high strain forming conditions. Conventional failure models are not robust
enough to predict failure during rapid forming of composites. Moreover, existing failure

models originally developed for unidirectional thermosetting composites are not applicable



to WPTCMs. The current study investigates forming and failure behaviours of WTPCMs
using an innovative technique inspired from metal industry. Using a combination of
different fibre orientations and aspect ratios, formability of WTPCMs under a wide range
of deformation modes is studied. A strain based failure envelope is constructed. The effect
of process parameters on forming behaviour of a SRPP composite is investigated and

benchmarked against formability of a GRPP composite.

The current research project aims at establishing foundations of a scientifically sound
and reliable predictive model applicable to rapid forming of woven thermoplastic
composites. Achieving these objectives necessitates characterising mechanical response of
WTPCMs and developing constitutive stress-strain relations under rapid forming
conditions. Material and failure models are incorporated into a finite element simulation to
predict forming and failure behaviours of woven thermoplastic composites. FEA results
are benchmarked against experimental forming outcomes to assess the validity and

reliability of the proposed model.

Finally, wrinkling behaviour of WTPCMs is studied. By introducing novel geometries,
a Modified Yoshida Buckling Test (MYBT) method is designed and implemented to
measure wrinkling tendency of SRPP. The effect of specimens’ geometry on initiation and
severity of wrinkling is investigated, and a novel wrinkling indicator based on the evolution
of surface strains is proposed. Understanding fundamental mechanisms involved in
initiation of instabilities under tension and compression is essential in developing an
effective tool for predicting failure and wrinkling onset under high strain conditions. The
predictive tool has the potential to assist designer, engineers and researchers to establish a
refined and comprehensive framework applicable to mass production of woven

thermoplastic composites.



1.3 Thesis Structure

The current thesis is mainly structured around research findings published in a
collection of journal papers. First chapter highlights the significance of the current research
program in the context of addressing current environmental and sustainability issues by
adopting woven thermoplastic composites in mass production industries. The second
chapter reviews failure studies conducted on composite materials through a comprehensive
literature survey. In this chapter, existing failure criteria of composites is reviewed and the
necessity to develop a robust and novel failure criterion for woven thermoplastic
composites is emphasized. This chapter includes a detailed survey of literature on existing
failure criteria of composites and a summary on their shortcomings as highlighted through
the outcomes of the World Wide Failure Exercise (WWFE) program. Finally,
Fundamentals of buckling and wrinkling, as the most common type of compressive
instability in manufacturing are summarised and common analytical and experimental

techniques for the analysis of buckling/wrinkling problems are discussed.

Outcomes of the current research project conducted on forming and failure behaviours
of WTPCMs are presented in chapters 3 to 8 through a series of published journal articles.
Chapter three investigates formability and failure of a consolidated SRPP composite
through a customised test set up designed to stamp specimens with novel geometries into
an open die using a hemispherical punch. Deformations and strains on the surface of
samples were measured and a novel strain-based failure model is proposed. Experimental
outcomes highlight the suitability of pre-consolidated SRPP for forming into complex
double curvature geometries using stamp forming technique. In chapter four, the effect of
fibre orientation on forming and failure behaviours of the composite is studied. It is
concluded that if a proper combination of fibre orientation, aspect ratio and boundary

conditions are selected, the formability of the SRPP can be greatly improved. Chapter five



compares forming and failure behaviours of two different woven thermoplastic composites
using a real time non-contact strain measurement system and optical microscopy technique.
These differences are highlighted by studying strain paths variations of the composites
under similar loading conditions and dissimilar failure mechanisms caused by different
type of reinforcements. In chapter six, results of characterisation experiments conducted on
SRPP composite are presented. Constitutive stress-strain equations are constructed and a
nonlinear orthotropic material model is developed to predict forming behaviour of woven
composites under complex loading conditions. Finally, the effect of process parameters on
the formability of SRPP composite is discussed using finite element analysis. In chapter
seven, material and failure models are implemented into a finite element simulation to
predict strains and their evolution, strain path at different locations and onset of failure in
SRPP composites under different deformation modes. Comparison with experimental
outcomes demonstrates high accuracy and reliability of the numerical model in predicting
forming and failure behaviours of woven thermoplastic composites. Chapter eight
investigates onset of compressive instabilities in woven thermoplastic composites using a
modified Yoshida buckling test. Wrinkling initiation and propagation in novel geometries
with different aspect ratios are studied under uniaxial extension conditions. A wrinkling
limit diagram is established and its predictability on wrinkling of woven composites is
studied. Chapter nine summarises findings of the current research project, highlights
original contributions made in this research program, and discusses possibilities for

expanding the scope of this research in future.



Chapter 2

Failure and wrinkling In
composites

2.1 Introduction

Mass production of components made of woven thermoplastic composites requires
fundamental knowledge on failure behaviour of this class of materials. Understanding
failure in composites allows engineers to optimise designs and achieve a balance between
strength, quality, and cost objectives. Preliminary studies on failure behaviour of
composites were performed on parts used in the aerospace industry. The failure
phenomenon was investigated during long service life of components made of
unidirectional fibre-reinforced thermoset composites. These studies showed that
microscopic scale damage started early at low strains, gradually accumulated and evolved
into larger cracks until leading to catastrophic failure events such as delamination. Due to
progressive nature of failure in these case studies, proposed models are not suitable for

predicting damage under rapid forming conditions.

A survey in literature shows that the existing body of knowledge on failure of

composites is not applicable to woven thermoplastic composites. First, conventional

manufacturing methods of composites are not designed for high volume production. Mass
production of composite materials requires application of rapid manufacturing technigques
to reduce cycle time and costs. Second, Mechanical behaviour of woven composites is more
intricate than unidirectional fibre-reinforced composites due to complex interactions
between interlacing yarns. Third, failure onset and propagation mechanisms are

fundamentally different in thermoset and thermoplastic composites. Failure in



thermosetting polymers initiates at a very low strain, leading to stress concentration in the
fibre-matrix interface, transverse crack propagation, de-bonding between fibres and matrix,
and delamination; however, thermoplastic composites possess a much higher failure strain
compared to thermosets [15], and matrix cracks are not precursors to failure. In summary,

failure _mechanisms, initiation and propagation are completely different in these two

classes of polymer composites due to their structural and polymeric bond differences. In

figures 2.1 to 2.3 typical examples of damage progression leading to failure in composites
are demonstrated. These failure phenomena include fibre cracking, fibre bundle fracture,

matrix cracking and transverse cracks in laminated composites.

Figure 2.1: Microscopic image of the coalescence of cracks caused by fibre-matrix de-

bonding during transverse loading of a fibre reinforced composite [22]
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Figure 2.2: Warp bundle fibre fracture adjacent to a matrix crack in a non-crimp woven

composite [23]
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Figure 2.3: (a) Section view of a CFRP laminated composite after fatigue loading
demonstrates matrix cracking in 0 © and 45° plies (b) Higher magnification of matrix

cracks shown in (a) [24]
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This chapter reviews the literature on failure of composite materials. First, conventional
failure theories developed on unidirectional fibre reinforced thermoset composites are
discussed. Shortcomings of these models outlined through the well-known World-Wide
Failure Exercise (WWFE) are summarised. This is followed by a discussion on failure and
damage progression theories developed on thermoset composites. Analysis of failure in
thermoplastic composites with an emphasis on woven thermoplastic composites is
presented in subsequent sections. The first part of the literature survey is concluded with a
discussion on the applicability and limitations of existing failure models on woven
thermoplastic composites. Second part of literature survey investigates wrinkling and
buckling phenomena in composites by drawing a distinct boundary between these two
compressive modes of failure. Different methodologies for the analysis of compressive
instabilities are discussed. Finally, a critical survey of the most commonly used wrinkling

indicator examining its short comings and applicability to composites is given.

2.2 Failure in unidirectional fibre-reinforced

composites

Failure is the inability of a component or structure to maintain its functionality under
working conditions. In the context of composite materials engineering, unlike to crystalline
structures such as metals, failure is a complicated phenomenon due to complex interactions
between micro- and macro-level structures of constituents. In composites, failure is highly
phenomenological and application-oriented. For example, in a composite member under
tension, failure could be defined as rupture of the fibres (Fig. 2.4); In a pipe under internal
pressure it could be defined as penetration of fluid through micro-cracks caused by fibre
fracture (Fig. 2.5); For a vehicle suspension system failure is defined as the onset of

delamination, leading to an abrupt decrease in the member’s bending stiffness; And in an
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aircraft skin it could be the instability initiated through the delamination of plies at a free

edge (Fig. 2.6).
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Figure 2.4: (a) fibres fracture in a 0° ply adjacent to matrix cracks in a 90° ply; (b) 0°

fibres fracture in the adjacent ply [25]

Figure 2.5: Progression of failure in a glass/epoxy composite pipe due to internal

loading (low to high loads from right to left) [26]
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Figure 2.6: Delamination at the free edge of an aircraft wing [27]

Composite materials are generally made of stacked layers with different fibre
orientations. These layers are attached together by adhesives to produce a multidirectional
laminate. If a specific loading scenario is applied to the composite laminate, stress and
strain states within each layer are different. This results in the progressive failure of the
assembly, from one ply to the next, until catastrophic failure event. Therefore, a thorough
study of failure in composites encompasses: (1) Initiation of failure or First Ply Failure
(FPF), (2) Ultimate Laminate Failure (ULF) or Last Ply Failure (LPF), and (3) Failure of
the adhesive layers or Inter-laminar failure. Determination of failure progress from FPF to
LPF introduces more complexities into the subject, due to complex damage accumulation

mechanisms which are addressed under crack initiation and damage progression studies.

There are two general classes of failure theories established for composite materials:
micromechanics and continuum mechanics based failure theories. Micromechanical studies

focus on failure of the composite’s constituents, including reinforcement, matrix, and their
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interphase. Continuum-based macroscopic failure theories investigate failure in the
multidirectional laminate, treating the composite as a homogenous material without
differentiating between its constituents. Both of these methods have some advantages and
shortcomings: micro mechanistic failure theories are accurate as they investigate failure at
the level of the constituents; however, they seem to be just an approximation of macro-
scale failure, and cannot accurately capture global failure in composites. Macro mechanical
failure theories consider composite material as a homogenous material; therefore, failure
occurrence is studied at the global level, and failure initiation and propagation at the
constituent level is not investigated. This treatment is incapable of recognising and tracking
initial failure event within a composite’s constituents. Furthermore, studies based on
macro-mechanical failure theories do not represent a complete picture of the material’s

response after failure onset. In general, an extensive experimental data which can be used

to build a sound and trustworthy failure theory for composites and to validate their

predictions for multidirectional composites, do not exist [28-30]. Most of available

experimental data on failure mechanisms are obtained through in-plane loading
experiments on lamina, or extracted from maintenance information on aerospace structures
over their long service lives. The stress state and failure in each lamina is influenced by
adjacent layers which makes failure determination in a multidirectional composite a

challenging and formidable task.

Failure in composites is generally expressed by a set of equations which are based on
different failure modes of constituents. From this perspective, failure criteria can be
classified into three major groups: The first group, Interactive failure models, uses a
combination of different failure modes in a single polynomial or tensor equation to predict
failure in a composite. The most well-known interactive failure criteria in this group are
Tsai—Hill and Tsai-Wu. The second group, Non-interactive (superimposed or

independent) failure models, uses an individual criterion for the occurrence of failure for

15



each mode of deformation, such as failure in tension, compression, and shear. Maximum
stress and strain criteria are the most widely used non-interactive failure theories. The third
group, Failure-mode models, such as Hashin—Rotem and Puck failure theories are among
the most widely adopted failure criteria for composites. These theories consider a different
criterion for each mode of failure in each constituent of the composite, including failure of
the matrix under tension/compression, failure of the fibres in tension, and fibre kinking

under compression.

To assess the maturity of composite’s failure models, a “World Wide Failure Exercise”
(WWEFE) was organised by the science and engineering council of the UK in three stages
over a 12-year period. The three main motives for conducting a comprehensive evaluation
on the efficiency of failure models included: lack of a universal definition of failure in
composites, inefficiency of existing failure theories in practical engineering applications,

and the necessity to benchmark failure theories under a consistent experimental framework.

The results of the WWFE with a conclusive recommendation on predictability of
participating failure models were published in four special editions of the Composite
Science and Technology journal [28, 29, 31, 32]. The first stage of WWFE involved
benchmarking of 19 different models by predicting failure in composites through 14
different in-plane loading scenarios. The purpose of this stage was to benchmark the status,
accuracy and limitations of existing failure models through a round-robin blind test. In the
second stage of WWFE, participants were offered opportunities to refine their theories
based on the outcomes of the first stage. This stage involved verification of modified
theories with experimental outcomes for two and three dimensional loaded components,
encompassing 11 case studies. The third phase of WWFE involved assessment of failure
theories in predicting damage initiation and development in unidirectional fibre-reinforced

thermoset composites.

Several observations can be made on the outcomes of three stages of WWFE: First,
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most failure models are based on the failure of a single layer composite and hence their
accuracy drops dramatically in multilayered composite components. Effects of ply
thickness, lay-up sequence, and interaction between cracks in differently oriented adjacent
layers are overlooked issues in these models. Second, most existing theories do not consider
effects of unloading and reloading conditions on failure of composites. Residual stress
created in the composite laminate during manufacturing requires thorough investigations,

and micromechanical analysis is critical in predicting failure initiation in composites.

Integrating failure theories into a finite element analysis is another important concern
which needs to be addressed. After developing a reliable failure model based on extensive
experimental data, conducting a finite element analysis facilitates studying effect of process
parameters on failure onset in composites. Further refinement of the model such as
integrating micro and macro level simulations can achieve a more profound understanding
on failure initiation and propagation in composites. Further investigation is still required to
investigate failure in other classes of composites not covered in WWFE, such as

thermoplastic composites and woven reinforced composites. As a summary to WWFE

findings, it should be concluded that although predictability of some theories are better

than others, none of them are capable of predicting failure in composites experiencing

complicated loading conditions.

A summary of classic failure theories of unidirectional thermoset composites examined

in the first two stages of WWFE is given below.

One of the earliest failure theories for fibre-reinforced composites was proposed by
Tsai and Wu. They developed a failure criterion for anisotropic materials based on stress
components. This failure theory can be expressed as a function of two strength tensors. In
this theory, interactions among stress components are independent from material
properties, making it invariant from coordinate transformations. This failure theory also

takes into account the difference in strength due to positive and negative stresses, but it
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cannot distinguish failure events in the composite constituents. The Tsai-Wu theory is a
non-phenomenological failure model which was originally developed for unidirectional
composites and as such cannot be directly applied to woven composites. This model adopts
a quadratic polynomial function of stresses with tensorial coefficients to predict failure in
a composite. Determination of interactive coefficients used in this model is challenging as
it requires conducting biaxial tests on samples to determine failure limits of the material
under different stress ratios. The assumptions used in this model restricts its application to
materials with a closed failure envelope. Finally, the ellipsoidal representation of strength
in unidirectional composites under plane stress conditions is a postulate not supported by

any physical evidence.

The Zinoviev failure theory [33, 34] is a revised version of the maximum stress theory
which predicts failure in a composite once any component of the stress tensor exceeds the
strength of a lamina in a specific direction. The locus of failure is defined by the lamina’s
normal strength in principal directions. As long as the stress state lies within the given
boundaries, the composite does not fail. Zinoviev developed the maximum stress failure
theory to consider different factors in the failure of composites such as the unloading
behaviour of cracked laminates and geometrical nonlinearity in composites caused by a
change in the ply angle during loading. The Zinoviev theory is a structural—
phenomenological model that considers coupling between different deformation and failure
modes. Short comings of this model include inabilities of handling large deformations,

nonlinear material behaviour and residual stress during manufacturing.

The Hart-Smith | failure theory [35] is a generalised version of Tresca failure theory
adopted for composite materials. This theory is developed on a strain plane and assumes
three possible fibre-failure mechanisms among which the dominant mode is fibre fracture
in shear, but no attempt was made to characterise failure of the matrix. The reason behind

this approach was to establish simplified design rules for carbon-reinforced epoxy
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composites in which the fibres carried most of the load and the role of the matrix was
merely binding the fibre. It was assumed plane sections remain plane during deformation,
which is a reasonable assumption for carbon/epoxy laminates but can become a
conservative design guideline for composites such as glass fibre reinforced polymers. Hart-
Smith developed his second failure theory (Hart-Smith I1) [36] based on a truncated
maximum strain failure theory to determine the maximum shear stress in composite
constituents. This theory predicts the lamina failure by superimposing failure envelopes of
fibre and matrix. Hart-Smith assumed that in situ strength of a lamina within a multilayered
laminate is much higher than the strength of the same individual lamina alone. Therefore,
the lower bounds of his failure criterion specifies the strength limit of an individual
unidirectional lamina, and as such is not applicable to a lamina within a multi-ply
composite. Hart-smith developed his second theory to overcome shortcomings of his first
theory as it yielded non conservative failure predictions for composites reinforced by
isotropic fibres. His second theory still is incapable of addressing intra-laminar matrix

cracking between fibres in each ply.

Rotem-Hashin theory [37] employs separate criteria for failure of fibres and matrix.
This failure criterion is essentially a non-interactive, mode-dependent failure criterion
which is based on the following fundamental assumptions: (1) Failure in fibre and matrix
is a completely localised phenomenon, the laminate is free of any discontinuity, and there
is no interlaminar shear, (2) The state of stress in the laminate is plane-stress, and (3) Matrix
is softer than fibres and more susceptible to onset of failure. In this theory, no distinction
between matrix and fibre-matrix interface failures is made. The stress interaction between
laminas and its effects on degradation of composite properties is not considered. The
authors recognised some limitations and incoherent consequences resulting from the choice
of a polynomial to represent failure in the matrix. This model predicts that failure in a

composite occurs in the maximum transverse shear plane which is difficult to accept as a
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general rule. This theory lacks the capability of predicting response of the composite after
failure initiation event as it does not consider the effect of matrix degradation on the
strength of composite. The WWFE outcome showed that this failure model is extremely
conservative for some loading combinations as compared to test results, and hence yielding

overdesigned products.

Puck-Schurmann failure theory [38] assumes nonlinear stress-strain behaviour in the
lamina. The model predicts an initial fracture in a composite and computes the degraded
material’s behaviour through implementation of a progressive damage model. This theory
establishes a physically-based failure model for typical engineering problems. In this
theory, two main failure modes in a composite are assumed: failure of fibres and inter-face
failure of fibre and matrix. No interactions between different components of transverse
stress are considered which makes this theory unsuitable for woven composites due to their
interlaced structure. Another drawback of this theory includes its incapability of predicting

failure under compressive state of stress.

Edge failure theory [39] is a stress based failure theory developed by E.C. Edge at
British Aerospace defence based on the Grant-Sanders method. This theory is capable of
predicting modes and loci of failure under FPF and LPF events, and calculating properties
degradation due to progressive failure phenomena. This theory assumes that the failed ply
will be unloaded gradually. The Edge failure theory, designed for predicting failure in
aircraft structures, investigates failure based on a discrete ply-by-ply method while
assuming nonlinear behaviour of the matrix. In this methodology, only two interactions are
considered: shear-tension for matrix failure and shear-compression for fibre failure. In this
model, in-plane shear failure is considered to be the final failure mode due to associated
low-stiffness and large distortion in the composite. Transverse tension and compression
failures are considered as the initial failure modes, causing gradual decrease in the

composite’s ply stiffness. WWFE exercise found significant discrepancies between
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predictions made by this theory and experimental results in some regions of stress space.
In some quadrants, this theory was exceedingly conservative while in other regions was
non-conservative. The Edge model also exhibited fundamental weaknesses in post failure

analysis of composites.

C.C. Chamis [40] developed a failure model based on the micromechanics of
composites at NASA. He implemented a progressive fracture scheme to predict first ply
failure and fracture of epoxy composites under combined loading conditions. The
micromechanical model was calibrated against unidirectional properties of the composite
obtained from experiments. Two computer codes were developed to generate failure
envelopes and integrated with a finite element commercial package to allow failure analysis
of fibre reinforced composites using Chamis model. The theoretical model used to predict
damage initiation is based on a Modified Distortion Energy (MDE) criterion. Outcome of
WWEFE showed that this theory under-predicts failure initiation in regions with at least one

component of compressive stress.

The failure theory developed by G. C. Eckold [41] is a simplified approach for
predicting failure in FRCs. This criterion was developed as a part of a British design code
(BS4994) to avoid resin cracking and resin/fibre de-bonding in tanks and pressure vessels
made of glass-fibre reinforced thermoset composites used in chemical process plants. This
research project was developed as a response to wide demand for a pragmatic and auditable
design approach for FRCs in a wide range of industrial applications. In this model, material
nonlinearities under tensile and compressive state of stress are ignored. A short coming of
this theory includes the assumption of equal strength in composites under tension and
compression. This theory was originally developed for unidirectional fibre reinforced
composites and as such is not applicable to woven structures which demonstrate a complex
failure phenomenon due to interactions between interlacing yarns. The differences between

failure in FRC and woven composites will be highlighted more in depth in section 2-2-2 of
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this thesis.

Wolfe failure theory [42] is based on a theoretical model primarily introduced by
Sandhu [31]. They initially developed a model to predict failure of FRCs under biaxial
loading [32] which was later extended to contain triaxial loading conditions [33]. In this
model, an iterative incremental constitutive law based on the laminated plate theory is
combined with a strain-energy based failure criterion. This model captures nonlinear
response, failure onset, and failure propagation in FRCs under biaxial loading. Wolfe
theory is designed to cover a variety of ply-unloading mechanisms. Calibrating Wolfe
model is intensive as it requires data from five different mechanical characterisation
experiments: longitudinal tension/compression, transverse tension/compression, and shear
tests. The nonlinear response of the composite laminate is modelled using a piecewise cubic
spline interpolation function. This model facilitates calculating composite properties as a
function of stress and strain. The Wolfe failure model assumes that the strain energy of an
orthotropic  material model under uniaxial tension/compression, transverse

tension/compression, and shear are independent.

In conclusion, outcomes of WWFE exercise on classic failure theories demonstrated

discrepancies of 300% between these theories and experimental outcomes. Almost all

theories were accurate in predicting laminate properties under very low strains; however,
none of them were capable of capturing nonlinear behaviour of composites at high strains
dominated by the matrix behaviour which is typical in thermoplastic composites. These

models are based on failure in a lamina, and as such are not suitable for predicting failure

in_multilayered composites. To highlight the importance of finding or constructing an

accurate and scientific failure model for multidirectional laminate composites, it suffices

to quote professor Hashin ’s reasoning for declining to participate in WWFE exercise: “My

only work on this subject relates to failure criteria of unidirectional fibre composites, not

to laminates... I must say to yvou that I personally do not know how to predict the failure of
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a laminate. (And furthermore, | do not believe that anybody else does! [25] .

WWFE outcomes demonstrated that the divergence between theories and experimental
results was greater in triaxial than biaxial loading conditions. Ignoring the complex
interactions between different layers of the composite, as well as non-existence of standard
experimental procedures for triaxial loading scenarios are among drawbacks of these
failure theories. Damage development and initiation of delamination are among overlooked
areas of these theories. Finally, these theories are incapable of predicting failure in
composites having complex reinforcement structures and different matrix materials such

as woven and thermoplastic composites.

2.2.1 Advanced failure theories of thermoset composites

The third stage of WWFE was designed to measure and validate performance of failure
models in handling damage development in thermoset composites. Design of composites
requires dealing with damage initiation and propagation until ultimate failure. One of the
most common form of damage is initiation and accumulation of multiple cracks in the
matrix leading to delamination and failure at the fibre-matrix interface in a thermoset
composite. Following a discussion on failure theories originally developed to predict
failure initiation in composites, this section reviews failure models capable of predicting

damage accumulation and progression in unidirectional thermoset composites.

Kashtalyan and Soutis developed an analytical model [43] to predict the effect of intra-
and inter- laminar damage (matrix cracking, splitting, and delamination) on the residual
stiffness of a composite laminate to be used in post-initial failure analysis. This model is
based on a two-dimensional shear lag stress analysis model and the Equivalent Constraint
Model (ECM) of the damaged laminate. The results of this model was compared with
experimental outcomes and it was advised that the damage modelling of the composite was

still immature and requires more development before being used by the design community.
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Drawbacks of this model include its limitation to thermoset composites and calculating
damage parameters based on matrix cracking as the main degradation mechanism and
neglects damage in the composite cause by fiber fracture. Finally, this study attempted to
present a general methodology to calculate degraded properties rather than predicting

ultimate failure of the composite.

Pinho et al. developed a failure model [44] based on plasticity theory and incorporated
a new yield function in conjunction with a kinematic strain hardening law to predict failure
in composites. The model is capable of distinguishing between matrix and fibre failure and
fibre kinking modes. Failure propagation is predicted by employing the fracture energy
method associated with each failure mode. The failure index of the matrix is a modified
Mohr-Coulomb criterion adopted for unidirectional composites. A damage model based on
a saturation crack density function is employed to calculate degraded matrix properties.
After failure of a ply, the effective modulus of the composite is calculated using the
classical laminate theory. The thermal effects and residual stresses in the composite due to

manufacturing processes are among disregarded areas in this model.

C. Soutis introduced a failure theory based on a cohesive zone model to predict damage
initiation from notches in members under tension [45]. This model, initially developed for
an IM7/8552 carbon fibre/epoxy quasi-isotropic multidirectional laminate, is capable of
determining the growth of micro-wrinkles originating from a hole in a composite laminate
under compression. A plastic fibre kinking analysis is conducted in conjunction with
implementing a linearly softening model to predict the un-notched and open-hole

compressive strengths of the composite.

R. Talreja combined micromechanics and Continuum Damage Mechanics (CDM) into
a single Synergistic Damage Mechanics (SDM) model to predict the mechanical response
of a composite laminate experiencing multidirectional ply cracking conditions [46]. The

material constants required for the model are obtained from stiffness property changes in a
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reference laminate. This model reproduces the stress-strain response of the composite by

combining degraded stiffness properties and evolution of the crack density.

P. Camanho et al. developed two different failure theories for different classes of
thermoset-based woven composites. In the first model, based on the plastic deformation
theory, mechanical nonlinearities arising from permanent deformation and damage were
considered [47]. This model uses the Ramberg—Osgood equation in conjunction with a
user-defined subroutine to define loading curves of the composite. Failure is predicted
using either a maximum stress failure theory or a Tsai—Wu failure model. The model has
been assessed based on experimental outcomes on plain-weave and twill-weave carbon
fibre composites. In the second model [48], developed for a fibre reinforced composite with
highly cross-linked epoxy resins (RTM6), a micromechanical pressure-dependent failure
model was adopted to calculate the maximum principal stresses at the tip of small internal
defects. Microscopic defects were incorporated into a unit cell to predict fracture under
compressive and tensile loadings using finite element analysis. The Camanho model was
constructed on the existing failure models and lacked originality in proposing a theory to

predict failure in composite materials under different loading conditions.

Barbero et al. [49, 50] investigated local damage effects and the resultant degraded
material properties using Discrete Damage Mechanics (DDM) framework augmented with
a fibre damage model. They incorporated micromechanical damage mechanics constitutive
models into finite element analysis to predict initiation and evolution of intra-laminar
transverse and shear damage until fracture. The DDM model was calibrated for carbon

epoxy laminates based on data obtained from characterisation tests.

Tsai proposed an invariant-based failure approach [51-53] to predict elastic properties
and failure limits of composite laminates based on the trace of the plane stress stiffness
matrix. An invariant omni-strain LPF envelope, normalised based on failure limits of the

composite in uniaxial tension and compression, was constructed to specify the inner failure
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limits of a composite under all possible ply orientations. The applicability of the normalised
unit circle in identifying failure limits of a carbon-fibre composite was justified by
anchoring the uniaxial test data. However, in a glass-fibre reinforced composite, an omni-
strain LPF failure envelope was recommended. The proposed model was implemented into

a numerical simulation to predict failure in carbon/epoxy composites.

The failure theories studied in this section were developed to model damage
accumulation and propagation in fibre-reinforced thermoset composites. These models
predict degradation of composite material properties due to development of localised
damage events starting at very low strains in a thermoset matrix. This phenomenon is
common in components made of thermoset composites experiencing progressive failure
during their long service life and substantially different to failure of composites under high
strain forming rate such as stamping. Moreover, damage in thermoset composites is
substantially different to thermoplastics due to dissimilar molecular structure and bonding
strength between their constituents. These differences invalidate application of progressive

failure theories developed for thermosets on thermoplastic composites.

2.2.2 Failure of woven composites

Woven composites exhibit an improved damage tolerance owing to their interlacing
structure. They are becoming increasingly important class of high performance materials
in high-end applications. Since woven composites possess the same local morphologies as
their cross-ply unidirectional counterparts, failure initiation and progression have certain
similarities. However, owing to their distinct structural features, new failure patterns have
been found in woven composites. In this section, some recent attempts to study failure in

woven composites are highlighted. 1t should be emphasized that none of these studies have

yet resulted in a model that can predict failure in woven composites under different

deformation modes.
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Lomov et al. investigated failure onset, damage accumulation, and damage progression
in woven composites in a series of published articles [52-56]. They investigated failure
onset and progression in a wide range of woven composites at different scales using quasi-
static uniaxial extension, tetrahedron and double dome-forming experiments. Post-mortem
CT and X-ray scanning methodologies were used to identify fracture sites and reveal
damage progression patterns in composites. Optical microscopy and SEM methods were
employed to study local damage modes. A three-dimensional photogrammetry system was
adopted to study evolution of strains, before and after damage onset. In some test cases, an
Acoustic Emission (AE) system was employed to determine corresponding damage modes
in composites during deformation. They developed a standard test procedure to monitor

damage initiation and accumulation at different length scales in textile composites.

A distinct feature in textile composites is the presence of yarns. The locations of
transverse matrix cracks can be controlled by the architecture of the textile reinforcement.
In a woven reinforced composite, it is possible to observe fibre-matrix de-bonding on yarn
boundaries earlier than de-bonding inside yarns. De Greef et al. [54] observed this
phenomenon while studying failure in a carbon fibre/epoxy composite. Analysis of results
from quasi-static tensile loading tests and acoustic emission investigations demonstrated
that fibre-matrix de-bonds first appeared at yarn boundaries, which did not develop into
large cracks. A similar phenomenon was observed in a carbon-epoxy three dimensional
woven composite [55]. Fibre-matrix debonds at yarn boundaries were also found under
bias loading condition [56]. In this case, damage development was similar to longitudinal
loading condition. The experiment results revealed that the composite material would

exhibit fracture caused by high shear deformation in the matrix.

Yarn crimp is a special structural feature in textiles and has an important influence on
damage initiation and development in woven composites. This influence is commonly

attributed to the complicated state of stress in yarns caused by their structural features. The

27



complex state of stress introduces a non-negligible shear component due to the presence of
yarn crimps, even when the yarns are oriented at the same direction with loading [57].
Comparative studies were conducted on three dimensional non-crimp orthogonal weave
and two dimensional plain weave glass/epoxy composites using tensile loading tests [49,
50]. The composite material systems examined in these studies had a very similar
reinforcements and fibre volume fractions. The main difference between these two types
of composites was the yarn crimp. The two dimensional composite was reinforced with
four plies of conventional plain weave having substantial crimps. The three dimensional
orthogonal weave composites, on the other hand, had negligible crimp. Outcome of these
studies showed that the three dimensional woven composites have considerably higher in-
plane strengths and ultimate failure strains compared to the two dimensional laminated
counterpart. Once both were loaded in fibre direction, the three dimensional composite
showed higher damage initiation threshold than the composite with two dimensional
reinforcements. However, when the loading was in the 45° bias direction, the damage
initiation threshold was lower in three dimensional composite. In a two dimensional weave
laminate with substantial crimps, the dominant failure was extensive delamination caused
by transverse cracks. In three dimensional non-crimp composite, the growth of transverse
cracks was delayed and these transverse cracks were less susceptible to the formation of

yarn-matrix interfacial cracks.

In textile composites, geometry of matrix cracks are affected by the yarn crimps. At
early stage of loading, cracks occur in different locations and the crack length is usually
limited by the crimp intervals. Once loading is increased, cracks propagate into the
structure of yarns leading to catastrophic failure event in the composite. lvanov et al. [58]
investigated development of cracks in a triaxial braided carbon-epoxy composite. This
composite had high crimp with intensive interlacing yarns. They found that although matrix

cracks occurred in different locations, they normally were confined inside unit cells of the
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textile composite in the early stage of loading. The matrix cracks were also initiated at
different locations in the yarn depending on the textile structure [59, 60]. In conclusion,
yarn crimp influences stress distribution, and as such generates different types of failure in

the weave structure of the composite.

2.2.3 Failure of thermoplastic composites

Failure studies discussed earlier were dedicated to initiation and progression of failure
in thermoset composites as the first composites used extensively in industrial applications.
It is just recently that thermoplastics have gathered worldwide attention as the matrix of
polymer composites. There are major differences between failure behaviours of these

polymers caused by distinct molecular structure and polymeric bond of thermosets and

thermoplastics. These differences necessitate developing new failure criteria for

thermoplastic composites, as the existing criteria cannot correctly capture failure event in

this class of composites due to fundamentally different behaviour of thermoset and

thermoplastic composites at micro and macro levels. In this section, recent failure studies

on thermoplastic composites are investigated. It should be highlighted that these studies
shed light into failure initiation and propagation mechanisms in thermoplastic composites;

however, no model has been proposed to predict failure in this class of composites yet.

Yurgratis and Sternstein [61] conducted experimental failure studies on carbon fibre
thermoplastic composites. They manufactured composite laminates from carbon fibre
prepregs with different volume fractions embedded in five different thermoplastic resins.
They conducted a four-point bending test on composite specimens until failure. They
employed a carbon-fibre epoxy composite for benchmarking with thermoplastic
composites. Mechanical characterisation results showed that yield stress of all
thermoplastic composites were equal or higher than of the epoxy resin. Failure strain of

thermoplastic composites showed an increase of 200% to 500% compared to epoxy. They
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found out that all thermoplastic composites failed by an abrupt longitudinal compression
buckling of the outer ply. Micrographs revealed micro-kinking in thermoplastic composites
have led to other types of damage such as ply splitting, transverse ply shear failure, fibre
tensile failure, and transverse ply cracking. However, fibres were failed in bending rather
than in direct compression. The thermoplastic composites were successful in suppressing
delamination compared to epoxy-based composite. Another difference was noticeable
effect of residual thermal stress caused during manufacturing on mechanical properties of
thermoplastics. However, authors could not justify the weak compression strength of

thermoplastic composites as compared to thermosets.

Couque et al. [62] conducted studies on failure mechanisms of thermoplastic FRCs
under uniaxial, in-plane biaxial, and hydrostatically confined compression tests. They
conducted experiments on two different thermoplastic carbon-fibre reinforced composites
(Poly Ether Ether Ketone (PEEK) and Polyacrylonitrile (PAN)). They found out
thermoplastic composites buckle under low stress states caused by out-of-plane compliance
of the composites and natural waviness of fibres. Authors did not conduct analytical studies
on failure onset in the thermoplastic composite, and as such could not propose a failure

model.

Oya and Hamada [63] investigated failure mechanisms of different thermoplastic
composites made of carbon fibres embedded in PAN, APA6, and PPS resins. They
examined mechanical properties of these materials such as strength, strain to failure, and
elastic moduli under tensile and compressive loads. They performed centre cracked plate
tensile (CCT) experiments on specimens and examined failure regions using Scanning
Electron Microscopy (SEM). They found that interfacial bonding properties highly
influenced strength and failure limits of composites. However, they were unsuccessful in
proposing a model that can predict failure in thermoplastic composites under different

stress states and modes of failure.
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Ramirez-Jimenez et al. [64] conducted tensile experiments on glass-fibre reinforced
polypropylene composites having different fibre orientations. Variations of fibre
orientation resulted in failure under different modes. They captured stress waves emitted
during failure by an acoustic piezoelectric sensor. The primary frequency of failure event
was plotted as a function of time. The resulting graphs demonstrated clusters around
specific frequencies. Using acoustic emission technique and SEM, they proposed a
hypothetical theory which stated there was a relation between each micro level failure mode
and the released stress wave frequency. However, they could not distinguish between
different failure-modes in a mixed mode failure event. Furthermore, the accuracy of the

hypothesis was not investigated on composites made of different fibres or resins.

Fritzsche et al. [65] conducted crash simulations on components made of thermoplastic
composites to predict failure initiation and propagation. They used softening behaviour of
polymer composites to predict strain localisation during impact. They employed fracture
energy regulation method to overcome convergence problems during crack initiation and
propagation and to obtain mesh-independent results. Scatter in material properties were
considered in finite element analysis and stress concentration was estimated through
detailed geometrical modelling. The simulation results showed a good agreement with
experiments; however, no attempt was made to develop a failure criterion for thermoplastic

composites or to predict failure in thermoplastics under different loading conditions.

Izer et al. [66] studied failure mechanisms and fracture behaviours of a woven self-
reinforced polypropylene composite during uniaxial extension tests. They made composite
sheets through film stacking and compression moulding techniques. The failure behaviours
of specimens were assessed by the Acoustic Emission (AE) process. A relation between
number of AE events and adhesion between two crystalline phases of the polypropylene
was discovered. It was concluded that the quality of consolidation has a major effect on

failure response and failure mechanism of the composite.
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Reyes and Sharma [67] investigated damage behaviour of woven glass fibre reinforced
polypropylene composites during low velocity impact using experiments and analytical
techniques. Specimens having different volume fractions and lay up configurations were
subjected to impact by a drop weight impact tower and under four-point bending condition.
Load-displacement graphs demonstrated high energy absorption capability of woven
composites as compared to thermosets. Scanning electron microscopy analysis showed no
sign of matrix cracking in the impact zone. An energy balance model was employed to
simulate and predict impact response of woven composites. Finally, fractured specimens
were repaired through a compression moulding process and an excellent recovery in

flexural strength and modulus of thermoplastic composites were observed.

Bohm et al. [68] developed a phenomenological damage model for woven and braided
composite materials. Based on experimental observations on a woven hybrid glass fibre-
PP composite and within a continuum damage mechanics framework, they developed a
failure mode dependent criterion using a stiffness degradation scheme. They did not
validate their numerical model against experiments, neither benchmarked their failure
theory predictions against existing failure criteria. This study was exclusively focused on
glass-fibre reinforced composites and therefore cannot be generalised to other types of

composites with a more ductile reinforcement.

Hufenbach et al. [69] investigated temperature effects on mechanical properties and
failure behaviours of hybrid woven composites using six different in-plane loading
scenarios. The elastic constants and strength of woven composites were obtained from
uniaxial tensile and compressive tests data within -40 to +80°C temperature range. Visual
observations and optical microscopy techniques showed a brittle to ductile transition in
failure around glass transition temperature. Below this temperature, high brittleness of the
thermoplastic resin resulted in inter fibre fracture phenomenon perpendicular to the loading

direction. At 80°C temperature, cracks and voids formed in the matrix while the interface
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bonding strength was improved. They concluded that temperature affects woven composite
behaviours through two mechanisms: change in material properties and shift of damage

mechanism.

Fedulov et al. [70] proposed a material model to simulate plastic behaviour and damage
accumulation in a carbon fibre-reinforced PEEK composite under different stress states.
They determined plasticity constants using uniaxial tension and compression tests. They
showed that a change in the state of stress in the composite might strengthen the matrix.
They employed an existing failure model in the Abaqus software library to predict failure
and damage accumulation in the composite. They verified the numerical predictions against
transverse tension experiment and interface failure during fibre pull out test. Their work

lacked novelty in proposing a failure model for thermoplastic composites.

Wang et al. [71] proposed a novel failure model for a flax fibre reinforced
polypropylene composite through analysis of strain evolution on hour glass specimens. It
was shown that the conventional forming limit diagram is not able to predict failure in this
class of composites. They constructed a failure model based on maximum fibre strain
theory. This model was implemented into finite element analysis and successfully verified
against experimental results on failure of the natural fibre composite under different
deformation modes. In this study, efficiency of their model in predicting failure in other
type of composites such as woven composites with different fibre reinforcements was not
investigated. The proposed failure model assumed fibre fracture as the main mode of failure
in the composite. This assumption makes the model inapplicable to composites exhibiting
other types of failure mechanisms such as failure of the matrix and delamination.
Composites such as self-reinforced polypropylene composite exhibit a less pronounced
mechanical properties difference between fibre and matrix and as such demonstrate

different types of failure as highlighted in chapter 3 and 4 of this thesis.

Temperature is a common contributing factor which can influence failure behaviour in
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thermoplastic composite materials. Hufenbach et al. [72] studied the mechanical properties
and failure behaviour of multi-axially reinforced thermoplastic textile composites under
different thermomechanical loading conditions. They employed glass/Polypropylene
composite material systems with different reinforcement structures including a 3
dimensional textile composite with weft-knitted reinforcement and a woven reinforcement
structure. Uniaxial tension and compression tests were conducted with temperatures
ranging from -40 to 80°C. It was revealed that the mechanical properties of both material
systems were temperature dependent, including shear properties and compressive strength
of composites. The fibre dominated properties, such as modulus of elasticity, were less
influenced by the temperature. The mechanical properties of both material systems were
largely dependent to the glass transition temperature of the polymer matrix. At
temperatures below the glass transition temperature, the matrix became brittle and
formation of cracks was intensified. Above the glass transition temperature, the polymer

became ductile and less matrix cracks were found.

Recently, a probabilistically based damage model [73] was developed for textile
thermoplastic composites . Experimental and numerical studies were conducted to validate
the failure models [73]. The failure model was based on continuum damage mechanics
where damage was defined as a degradation of material stiffness [74]. In a conventional
unidirectional laminate, the failure progression can be described by the progression of
discrete damage events. Normally, this sequential damage event is triggered by small
matrix cracks, and can be quantified by a crack density parameter. This is followed by
delamination, which can be quantified by the delamination length or area. In composites
with woven or braided reinforcement, different damage mechanisms can occur
simultaneously, making it impossible to separate and quantify all the different damage
mechanisms. In order to deal with this complex damage phenomenon in the woven or

braided reinforced composites, a probabilistic approach is adopted to provide failure curves
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with associated probabilities. In this study, the failure of textile reinforced composites was
characterised by different failure modes. The interactions between failure-modes were
characterized by the summation of probability functions. Using this approach, different
failure curves formed a theoretical probability plot of failure which were employed to

predict damage in textile reinforced composites.

S. Kalyanasundaram studied the effect of process parameters on formability and failure
behaviour of fibre metal laminates [75-78]. A self-reinforced polypropylene composite and
a glass-fibre reinforced polypropylene composite sandwiched between two layers of
monolithic aluminium were stamp formed into a channel section. Laminates were pre-
heated to 160°C in a heated platen press and deep drawn using a hemispherical punch.
Formability of the composite-metal laminates were investigated using three different tool
temperatures (80, 100, 120°C) and under three different blank holder forces (1, 3.5, 6 kN).
Three different feed rates (4.4, 28 and 53 mm/s) were used to deep draw specimens into
the die cavity. Shape error and delamination were used as quality indicators in formed
specimens. This study showed the dependence of fibre metal laminate formability to time
and temperature parameters and an optimal processing windows were suggested to yield
minimum shape errors. Comparisons were made with channel forming of aluminium
specimens and it was concluded that geometry variations in both post formed fibre-metal
laminates were significantly less than aluminium specimens. It was found that forming
rate has a more significant effect on the quality of the post formed channels compared to
plain metal forming. This behaviour was attributed to temperature-dependent nature of the
polymer’s viscosity and the transient temperature profile of the laminate during forming.

Strain rate effect was considered as the second underlying reason for this behaviour.

More recent studies on failure of composites can be found in [79-85]. Some of these
publications only investigate shortcomings of existing failure theories, while others

conduct preliminary studies on failure of composites. These articles do not introduce novel
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criteria to predict onset of failure in composites and therefore are not discussed in this

thesis.

2.2.4 Summary

Predicting failure in composites has been subject of research for almost half a century.
Numerous theories have been proposed, however literature studies show that none of these
theories were successful in predicting initiation and propagation of failure in composites
under complex loading conditions. The outcomes of WWFE revealed that neither of these
theories are capable of predicting failure in all regions of strain or stress space with a
reasonable accuracy. These theories were developed on a case-by-case basis during long
service life of composites used in aerospace industry. These theories were originally
developed to predict failure in thermoset composites under fatigue and creep conditions,

and were mainly designed for unidirectional fibre reinforced composites.

There are several factors demonstrating the gap of knowledge in failure of woven self-

reinforced thermoplastic composites: failure mechanisms in thermoset and thermoplastic

composites are fundamentally different due to their dissimilar properties at micro and

macro levels. Interfacial bond strength is dissimilar in two-phase and single-phase

composites. Adhesion quality between constituents of a composite plays an important role

in load transfer mechanisms and the shear and transverse strengths of composites, and as

such has a detrimental factor in failure initiation and propagation mechanisms. Interlacing

structure of woven reinforcements adds to the complexity of failure in woven composites

by simultaneously introducing different damage mechanisms. These differences necessitate

studying failure of a SRPP composite experiencing high strain rate forming conditions.
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2.3 Buckling and Wrinkling

2.3.1 Fundamentals

Buckling and wrinkling are two common types of instability caused by the development
of compressive stress in materials, leading to catastrophic failure or malfunction of the
product. Although similar in nature, these two phenomena have some fundamental
differences. Buckling is a global phenomenon, with a wavelength (and amplitude)
relatively large compared to dimensions of the part. Buckling occurs as a result of both
elastic and plastic deformations in materials. Wrinkling, as a local defect, occurs within
small wave lengths and propagates on the surface of specimens in plastic deformation
regime. Wrinkling, or localised buckling, might trigger onset of other types of instability,
such as puckering. Figures 2.7 and 2.8 depict actual cases of buckling and wrinkling
failures in structural and non-structural components. Fig. 2.7 shows a composite column
exhibiting a third mode of buckling under compression and Fig. 2.8 illustrates wrinkles

developed on the flange of a steel cup during manufacturing.

Figure 2.7: Buckled composite structure [16]
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Figure 2.8: Wrinkling in the flange area of a cup formed from a steel sheet [86]

An increasing demand to employ thinner sheets in the manufacture of light-weight
products has raised the likelihood of failure due to wrinkling. Wrinkling is undesirable as
it causes shape distortion, degradation of mechanical properties, generation of unacceptable
tolerances, and difficulties in the assembly process. Wrinkling is one of the main causes of
manufacturing problems in industries that require stringent dimensional, geometrical, and
surface tolerances. Several parameters affect onset and propagation of wrinkling. These
factors include mechanical properties of the material, stress and strain states during
manufacturing, geometrical parameters such as aspect ratios and local curvature of

specimen, ratio of in-plane to bending stiffness, and contact conditions.

A thorough analysis of wrinkling considering all main parameters is a formidable task
as a small change in these parameters causes a wide scatter of data [87-89]. Duo to these
reasons, wrinkling is generally investigated on a case-by-case basis, using specific
indicators. Wrinkling is analysed using analytical, numerical and experimental techniques.

The analysis of wrinkling initiation and propagation is a very challenging problem due to
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complex interactions between contributing factors. Study of wrinkling necessitates
application of a combined methodology applicable to different loading scenarios. Existing
criteria for determination of wrinkling is very sensitive to loading, boundary, and contact

conditions and as such makes the process complex and time consuming.

In industrial applications, trial-error and die try-out methodologies are often adopted to
eliminate or alleviate wrinkling; however, these processes are expensive, intensive and
time-consuming. These shortcomings necessitate developing a universal indicator to
predict and prevent the onset of wrinkling and to optimise the production of defect free
parts due to wrinkling. In the following section, conventional methodologies for the

analysis of wrinkling are explained.

2.3.2 Analytical methods

Four different analytical methods are generally used to study wrinkling in materials:
static analysis method, initial imperfection technique, bifurcation analysis, and energy
method. In the static method, the material is considered to be in equilibrium state while
experiencing a small localised imperfection such as geometry or material imperfection.
Equilibrium equations are expressed by an incremental formulation. The boundary
conditions are applied and the solution of equilibrium equations is calculated. This solution
determines the critical load that triggers onset of wrinkling. This method is extensively
applied to solve wrinkling problem of parts made of thins sheets and plates having regular
geometries and well defined boundary conditions [90-93]. The main advantage of this
method is the provision of a global view which determines tendency of parts to wrinkle and
elucidates the effect of individual parameters on the wrinkling onset. However, in real-
world problems, applied boundary conditions are complex, the shape of the component is
irregular, and the stress distributions are uneven. Due to these factors, this method is

impractical and ineffective for most engineering applications.
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In 1961, Timoshenko and Gere [94] found that real cylinders buckle at loads much
lower than loads calculated based on static equilibrium method. This finding led to
extensive research on buckling phenomenon in subsequent decades. It was demonstrated
that the real cause of this discrepancy was geometrical and material imperfections [95-99].
These findings led to the introduction of an alternative method to solve buckling and
wrinkling problems. In the new method, an initial imperfection in the material is assumed.
The partial differential equations of equilibrium, based on a stress function, are derived and
solved to determine the critical wrinkling loads. The application of this method is restricted
to simple problems with regular geometries and well defined boundary conditions [100-
102]. There are two main difficulties in treating wrinkling problems using this method: The
wrinkling problem is highly complex to formulate and finding a solution to the resultant
nonlinear partial differential equations is very challenging. The second problem is related
to the nature of imperfections: in reality the nature of manufacturing induced imperfections
are random; however, in in this model, a perfect and idealised distribution of imperfections
is considered. Therefore, the predictions made by this model deviates from experimental

results.

The bifurcation method is based on a functional and criterion proposed by the
Hutchinson [103-105]. This criterion was initially employed to study post-bifurcation and
imperfection-sensitivity aspects of plastic buckling. However, this method was later
adopted to treat some wrinkling problems with success. It was realised that the onset of
wrinkling can be determined by the bifurcation point on the load path of the material from
the primary to the secondary equilibrium states, as shown in Fig. 2.9. In this figure, variable
P is the force and variable u depicts displacement. The material initially follows
deformation path of OB (the primary path of deformation). After getting to point B, the
energy required to deform the material under the primary path is more than the energy

required to follow the secondary path. Therefore, although the primary path shows the
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material’s intrinsic property, the specimen follows the secondary path or the perturbed
solution. In the bifurcation method a functional (F) is defined. The structure or material is
considered to be perfect. Functional F determines the total potential energy of the system
prior to wrinkling onset. The bifurcation functional defines the system’s energy as a
function of its current configuration, induced deformations and their derivatives.
Constitutive stress-strain relation is incorporated into the flow role of the material
expressed by a set of differential equations. The material’s yield surface is defined by a
yield theory. Then the functional and its derivatives are set to zero to determine the critical

condition of wrinkling.

primary path

secondary path

perturbed solution

O u
Figure 2.9: Force—displacement path of a specimen prior and after wrinkling

Energy method is an alternative, yet widely applied approach for treating wrinkling
problems. In this technique, the incremental deformation energy is calculated using in-
plane stress and strain states of the material during forming. Then, incremental bending
energy required to initiate localised wrinkling is defined. By equating these two

components, the onset of wrinkling can be predicted. The major advantage of this method
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is that the set of partial differential equations does not need to be solved. This method has
been adopted to solve a wide range of wrinkling problems [106-109]; however, simplified
assumptions used in this method, such as idealistic contact conditions, make the energy

method inapplicable to problems with complex boundary conditions.

The following section provides historical background as well as more recent advances
in using the energy approach as the most efficient and widely adopted method in the
analysis of wrinkling. It should be emphasised that the energy method uses a scalar variable
to predict wrinkling in metals and as such cannot be effectively applied to composites due

to their anisotropic properties.

Geckeler [110] was among the very first pioneers who studied wrinkling phenomenon
using an analytical approach. He adopted the energy method to predict critical stress
required for onset of wrinkling on the flange region of deep drawn specimens. Geckeler’s
method was improved by Senior [111] who introduced the blank holder force to the
problem. During deep drawing process, the material was drawn into the die cavity by a
punch while the flange region was subjected to a radial tensile stress and a compressive
circumferential stress. It was assumed that the amplitude of wrinkles, expressed by a
sinusoidal wave, is constant over the width of the flange. A rectangular segment on the
flange area was selected to represent the unit deflection of the flange and to simplify the
analysis. The energy conservation theory states that the critical wrinkling condition is
achieved when the strain energy in the rectangular segment equals to the work done by the
external load. Initiation of wrinkling in the flange region requires that the sum of bending
energy and restraining energy due to lateral restraints should be equal to the external work
calculated from the circumferential shortening of the flange segment. The critical wrinkling
stress can then be calculated using this equality. An outcome of this study concluded that
the overall flange deflection function expressed by the number and amplitude of wrinkle

waves is crucial in estimation of critical wrinkling stress. Based on this reasoning, Senior
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adopted different deflection functions and boundary conditions to predict critical stress.

Alexander [112] claimed that a good approximation to the Senior’s methodology can
be achieved only under narrow flange condition attributable to the usage of a one-
dimensional buckling model. In a wide flange, the amplitude of wrinkles cannot be
assumed constant over the width of the flange, and as such Senior’s approach might fail to
provide accurate prediction on critical stress conditions. Yu and Johnson [113] improved
Senior’s approach by refining the deflection function in the flange region. In this study, the
wrinkling problem of a flange was simplified to an annular plate simply supported at inner
and outer edges, and subjected to a radial tensile stress along the inner edge. A normal
constrain was applied to simulate the blank holder effect. An energy criterion was extracted

using a new deflection function and the critical stress was calculated.

Morovvati et al. [114] applied an energy method to study the effect of blank holder
force on eliminating wrinkles. The critical blank holder force required to supress wrinkles
in single and two-layer circular metal specimens under deep drawing process was
calculated. The critical conditions were estimated using Senior’s approach. The results of
analytical approach showed a good agreement with experimental outcomes. The effects of
material properties on wrinkling tendency of circular samples were also investigated and it
was concluded that wrinkling can be eliminated by a change of blank holder force, modulus

of elasticity and yield strength of the material.

2.3.3 Experimental methods

Different experimental methodologies are adopted to investigate wrinkling behaviour
of components under different loading/boundary conditions. Each experimental technique
targets a particular feature of the wrinkling problem. These simulative experiments are
generally conducted to evaluate the predictability of developed analytical or numerical

models of wrinkling. A summary of each method is given below:
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e Swift cup test

This method provides a draw-ability measure of sheets by introducing a Limiting Draw
Ratio (LDR) parameter. LDR is defined by the ratio of maximum blank diameter, which
can be drawn successfully without any failure, to the punch diameter. In this method, a
rectangular or circular specimen is drawn into a die, while no or a small blank holder force
is applied to the flange area. Excessive hoop compressive stress causes wrinkling on
specimen during deformation. It is shown that the flange and side-walls areas are most
prone to initiation and growth of wrinkle waves. Several research studies have been
conducted on wrinkling behaviour of blanks using this method [115-118]. This method is
not suitable to be used in conjunction with a real time photogrammetry measurement
system, as the experimental set-up configuration will not allow capturing images of regions
susceptible to wrinkling. The swift cup test is suitable to determine effects of individual
process parameters on wrinkling behaviour of blanks under no or low blank holder force

and therefore is not suitable for studying wrinkling under stretch forming conditions.

e Conical (tractrix) dies

This technique is similar to the swift cup test except for the shape of the die and the
absence of a blank holder system. This method is mainly used to investigate wrinkling
phenomena during a deep drawing process [119-122]. Blanks are deep drawn into a conical
die with a punch having a tapered or cylindrical geometry. This process induces
compressive circumferential stress in the specimen which leads to the onset of wrinkling
in unsupported regions such as sidewalls. Conical die test offers several advantages over
swift cup test. This method facilitates forming of specimens to higher depths. Conical test
results in a significant reduction of drawing loads as compared to swift cup test [123]. In a
swift cup test, two different failure modes might occur depending on the applied blank

holder force and material property, which are rupture and wrinkling. However, specimens
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formed by a conical die will always experience wrinkling instability in side walls. Absence
of a blank holder system makes this process suitable for three-dimensional photogrammetry
measurement; however, due to high level of localised bending strains, this method is not
appropriate for specimens made of composite materials, as they experience premature

failure due to localised fracture of fibres [114].

e Axial compression test

This method is generally applied to investigate collapse of hollow cylinders under
wrinkling, such as off-shore submerged buried pipelines [124-126] and axial members
under impact loading [127-129]. In this technique, a uniaxial compressive force is applied
to thin or thick wall cylindrical specimens. In materials deforming in elastic regime, the
failure would be sudden and catastrophic. If material experiences plastic deformations,
failure is preceded by localised wrinkling phenomenon which develops through the length
of the member. Increase in the amplitude of the wrinkles reduces the axial rigidity of the
member until a limit load is reached. Reaching this limit causes local collapse of the
member. Different parameters are used to determine the occurrence of failure under elastic
or plastic deformation modes, such as diameter-to-thickness ratio of the member and
mechanical properties of the material. Using a compression test setup, the effect of
combined loadings, such as bending and torsion, on wrinkling limits of the member can be
investigated. This method is not suitable for determination of wrinkling in thin sheets and

blanks.

e Yoshida experiment

This test set up, first introduced by K. Yoshida in 1983 [130], was designed to
investigate the effect of geometrical and material properties on wrinkling behaviour of

samples. In this method, a square sample is stretched along diagonal direction. The tensile
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stress in longitudinal direction causes compressive stress state in transverse direction. The
accumulated compressive stress leads to wrinkling/plastic buckling at the centre of
specimen. It has been found that the Yoshida test was an effective method to study
wrinkling of materials [131]; however, due to the fixed length-to-width ratio of the samples,
it was not possible to study wrinkling tendency under different stress ratios. For this reason,
a modified Yoshida buckling test was developed to overcome this problem [132-134]. The
modified Yoshida test is suitable to be used in conjunction with three-dimensional optical
strain measurement systems to investigate behaviour of specimens during wrinkling
evolution. The current thesis investigates the potential of this method to study wrinkling
behaviour of composite materials. Change of fibre orientation and aspect ratio of specimen

triggers wrinkling initiation and propagation under a wide range of deformation modes.
e Uniaxial stretch of thin strips

Emerge of new technological advancements necessitated using very thin sheet of
materials for different applications, such as thin photovoltaic layers. These materials when
exposed to high temperatures experience compressive stress. In this method, thin sheets or
membranes, possessing very low bending stiffness, are stretched in longitudinal direction.
High Poisson’s ratio and very low bending rigidity result in onset and propagation of

wrinkling waves on the surface of membranes at the early stages of deformation.

2.3.4 Wrinkling Limit Curve (WLC)

WLC is a commonly used measure in industries for predicting onset of wrinkling
instability during manufacturing. Induced strains in blanks are specified in the principal
strain space. In sheet metal forming practice, it is generally believed that once the ratio of
minor to major strain (SR) is lower than -2, the sheet thickens and wrinkling initiates [135].

Constructing a WLC requires some fundamental assumptions during materials behaviour
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under compression: First, it is assumed that wrinkling is an intrinsic material property, and
as such WLC does not depend on the dimension or shape of specimens. Second, onset of
wrinkling can be predicted using the strain state on the surface of specimen and is not

affected by through-thickness strains.

There are numerous attempts to predict wrinkling initiation using WLC. One of the
earliest attempts was carried out by Hassani and Neal [136]. They realised that under
conical cup deep drawing conditions, sheet of metals experience wrinkling when SR
decreases below a critical value (-1.17). However, this critical value was dependant to the
geometry of punch, shape of the die, and forming parameters, and as such this metric was

only valid under the specific test conditions.

The dependence of the wrinkling limit to the strain hardening coefficient, yield stress,
sheet thickness, and the anisotropy parameter was investigated by Kim, Son and Park [137].
They analysed the wrinkling problem on three different materials using a combined
experimental-numerical methodology. They realised that wrinkling initiates quickly, as
hardening coefficient decreases, yield stress increases, thickness decreases, and anisotropy
increases. However, they found a discrepancy between experiments and numerical
simulation results: Experimental outcomes suggested that the principal strain at wrinkling
limits fall into a narrow band regardless of the material thickness. On the other hand, the
numerical simulation results demonstrated a dependency between critical wrinkling strain
and sheet thickness. This work was focused on three different metals and as such might not

be applicable to other type of materials including composites.

Szacinski and Thomson [138] studied existence of WLC by the analysis of strain
evolution at the onset of wrinkling in a representative sink bowl forming experiment.
Rectangular specimens made of a stainless steel with a uniform thickness of 0.9 mm were
formed to three different depths. This study successfully investigated localised strain

conditions in the final product, but failed to provide information on the evolution of strains
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during forming. Experimental outcomes demonstrated that wrinkling at flange, corners,
and mid-part of the walls initiated at strain ratios of -1.0, -0.5, and +0.5, respectively. This
study proved that wrinkling limits depend on location and as such predicting wrinkling

onset using a single-valued WLD is impractical.

Narayanasamy et al. [116, 139] investigated the effect of mechanical properties on
wrinkling initiation using conical and tractrix die forming. Three different metals were used
in this study: commercially pure aluminium annealed to different levels, aluminium 5086
alloy annealed at different temperatures, and interstitial-free steels with different
thicknesses. Blanks having different diameters were formed in conical and tractrix dies
with a flat punch. A grid measurement technique was used to facilitate measuring critical
strains on formed parts. To measure strain evolution before and after wrinkling initiation,
the blanks were partially drawn to six different depths until wrinkling developed. A WLC
was developed to define safe working conditions. The outcomes of this study showed that
an increase in the value of Young’s modulus, yield stress, strain hardening ratio, anisotropy,

and thickness will exhibit a better resistance against wrinkling.

Wrinkling limits of thin-walled tubes with large diameters was studied by Li et al.
[140]. They developed an analytical model based on combined energy method and
numerical simulation results to predict wrinkling of tubes under different loading paths. A
modification function was introduced to make final results closer to experimental
outcomes. A limitation of this study is the modification function which is only applicable
to thin walled tubular problems. The modification function is dependent to specimen’s
geometry and boundary conditions which makes it difficult to be applied to other

manufacturing and forming processes.

In another study conducted by Djavanroodi and Derogar [141] wrinkling limit of
Ti6Al4V alloy and AlI6061-T6 alloys were investigated using experiments and numerical

simulations. They employed the strain ratio of -2 to specify wrinkling initiation in
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experimental and simulative results. They adopted a grid measurement technique to
measure strains in initial and final stages of experiment. The outcomes of this study
suggested that a strain ratio of -2 can be used to predict wrinkling in this specific case, but
might not be applicable to other case studies. Due to limitations of the strain measurement

technique, analysis of deformations before wrinkling onset was not conducted.

WLC is extensively used to predict wrinkling onset during manufacturing [116, 134,
142]. However, its effectiveness in predicting wrinkling onset in composite materials has
not yet been assessed. Some researchers have questioned the validity and reliability of
WLC in predicting wrinkling as a universal indicator [143], since wrinkling limits are
dependant to the manufacturing operations and can vary with material properties and
geometry. It has recently been shown that the wrinkling limit cannot be defined through
single-valued point variables such as stress or strain [144]. Most of current studies on
wrinkling were conducted using a grid mark analysis method to measure strains. This
method is unable to capture strains during manufacturing operations. Without adequate
information on strain distribution and strain evolution prior to onset of wrinkling, the
current studies lack the ability to predict wrinkling initiation. These shortcomings
necessitate developing an effective and robust wrinkling indicator capable of predicting
wrinkling onset during manufacturing of thermoplastic composites [145]. The current study
aims at finding an indicator capable of predicting wrinkling in thermoplastic composites
by focusing on the evolution of strains before and after wrinkling initiation using an optical

strain measurement system.

2.3.5 Summary

This chapter provided a summary of literature related to the failure of fibre reinforced
polymer composites due to fracture and wrinkling. First, an overview of existing failure

theories developed on unidirectional fibre reinforced thermoset composites is provided and
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their shortcomings reflected in the outcomes of the worldwide failure exercise is
summarised. It is highlighted that structural features of woven composites introduce
distinct type of failure mechanisms in this class of composites. It is also demonstrated that
failure initiation and propagation in thermoplastics is fundamentally different to thermosets
due to their dissimilar microstructural features. A survey on recent studies conducted on
failure in woven thermoplastic composites is presented. Finally, conventional analytical
and experimental methodologies for the analysis of wrinkling in materials are examined
and their shortcomings in predicting onset of compressive instability in composites are

highlighted.

Wide spread application of woven thermoplastic composites necessitates developing
cost-effective, rapid manufacturing techniques suitable for high volume industries. This
requires access to effective failure and wrinkling criteria for composites under high strain
rate conditions. Existing failure measures are originated from studying failure in thermoset
fibre-reinforced composites and as such they cannot be effectively employed to predict
failure in thermoplastic composites. Extensive literature survey shows that a trustworthy
failure criterion capable of predicting failure in woven thermoplastic composites under
complex loading conditions does not exist. WLC is the mostly applied wrinkling indicator
conventionally used in metal forming industry. The fundamental difficulty with WLC is its
dependency to geometry of the part and its sensitivity to initial imperfections. No study has
been conducted to assess the efficiency of WLD on woven thermoplastic composites.
Outcomes of this survey demonstrate the necessity to study failure in woven thermoplastic
composites and develop appropriate models for predicting fracture and wrinkling in this

class of composite materials.
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Chapter 3

Forming and failure of a consolidated self-
reinforced polypropylene composite

A Forming Limit Curve (FLC) is a graphical representation of materials formability
under different deformation modes. FLC was originally developed to predict failure in
monolithic metals. Metals are considered to be homogenous and isotropic, while
composites possess heterogeneous, anisotropic properties. Utilising a FLC based failure
model diverges from conventional treatment of failure in composites; however,
deformation behaviour and failure mechanisms in a SRPP composite diverges from two-
phase composites and invalidates application of conventional failure models to this class

of composites.

Property mismatch at the matrix and fibre interphase plays an important role in failure
behaviour of two-phase composites. In a SRPP composite, both constituents are made from
the same material system (e.g. polypropylene) with similar chemical and physical
properties. SRPP falls under a class of polymers known as self-reinforced composite, single
polymer composites, or homogenous composite. In two phase composites, low surface free
energy and bonding imperfections cause fractures to initiate at the interphase of fibre and
matrix. In contrast to two-phase composites, single phase composites possess perfect
adhesion between fibre and matrix due to mutual diffusion between the two chemically

identical components of the composite.

Further to these facts, the woven structure of SRPP reduces anisotropy as compared to
unidirectional fibre reinforced composites. As such, failure behaviour of woven SRPP
composite is different to two-phase fibre reinforced composites such as polymer

composites reinforced with carbon or glass fibres (chapter 5). Considering these
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fundamental dissimilarities, SRPP is treated as a homogenous material in the current study
and the failure is predicted using an FLC based criteria which is justified by the similar
constituents’ property. Chapters 6 and 7 provide more evidence on the accuracy of the
proposed model in predicting forming and failure of a woven self-reinforced composite

material under high strain rate forming condition.

In the current chapter, stretch forming experiments have been conducted on a woven
self-reinforced polypropylene composite to investigate its formability and develop a strain-
based criterion for predicting failure under a wide range of deformation modes. A

deformation mode is defined as the ratio of minor to major strain. Based on the value of

strain ratio (SR = Zmnery five different deformation modes are identified: Biaxial stretch

Emajor
mode in SR= +1, plane strain mode in SR= 0, uniaxial deformation mode in SR=-0.5,
shear deformation mode in SR= -1, and wrinkling mode in SR< —2. Specimens with
different aspect ratios were stretch formed to induce failure under a specific deformation
mode. Measured strains at the vicinity of failed region were employed to construct a failure
envelope for the composite. Outcomes of these experiments showed that due to a uniform
strain distribution, the woven SRPP composite could be formed into complex doubly-
curved geometries. Outcome of this study was used to introduce a deformation-mode path

dependant failure model for a woven thermoplastic composite.

In this study, a pre-consolidated woven self-reinforced polypropylene composite
(SRPP or CURV®) were formed using a 300kN custom built press until catastrophic
failure. Specimens with different width-to-length ratios were stretch formed in an open die
configuration equipped with a built-in lock ring. The role of the lock ring was to fix the
boundary of specimens so they can be stretched into the die cavity. Samples were fixed in
the die system and formed by a hemispherical punch to failure as indicated by a 20% drop
in the load measured by a load cell. The specific forming set-up forced samples to stretch

along longitudinal direction and draw into the die cavity along the transverse direction.

52



Displacements were captured by a non-contact 3D photogrammetry system (ARAMIS)
made of two CCD high speed cameras and strains were calculated using a built-in
algorithm. Principal strains on the entire surface of samples were calculated and plotted in
a two-dimensional strain space. Principal strains, strain ratio and their evolution were
studied at different locations on the surface of specimens. Strain gradient along longitudinal
and transverse directions were plotted and compared with the behaviour of a monolithic
aluminium. The results of strain measurement indicated a uniform strain distribution on the
composite in almost all stages of deformation and the absence of localised thickness

thinning prior to failure.

It was shown that the combined effect of enforced boundary condition, and aspect ratio
and fibre orientation of specimens resulted in failure of the composite under a wide range
of deformation modes. Induced deformation modes ranged from biaxial stretch to shear
deformation modes. In specimens with [0°,90°] fibre orientations, the failure under biaxial
stretch mode was observed in the full circular sample, while the narrowest specimen failed

under uniaxial extension mode.

Strain field analysis demonstrated that failure occurrence was triggered by exceeding a
failure limit dictated by the principal strains and strain ratio. Localised strains caused by
the friction between punch and specimens induced failure in SRPP at a specific location in
the vicinity of contact region. The uniform distribution of the strain field facilitated forming
of the composite to high depths. The results of this experiment confirmed the potential of

SRPP to be formed in consolidated state.

Localised principal strains around failed regions were measured to specify failure
envelope of the SRPP composite. The principal strains prior to failure were mapped into a
two-dimensional strain space to construct a Forming Limit Curve (FLC). The FLC
specified failure limits of the SRPP composite as a function of principal strains and strain

ratio.
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The procedure used to measure strains on the surface of specimens and construct a FLC

for the composite includes the following steps:

1. Composite blanks were cut into specific geometries using water jet method,

2. Edge of specimens was deburred after cutting to prevent premature failure
during forming,

3. Surface of samples was cleaned by an isopropanol solution and covered with a
stochastic pattern of black dots on a white sprayed background,

4. Specimens were placed and fixed in an open die configuration using precise
tightening torques,

5. A real time photogrammetry system was mounted beneath the die to capture
deformations during forming while strains were calculated using continuum
mechanics principals,

6. Samples were formed using a hemispherical punch until catastrophic failure,

7. Principal strains were calculated at the vicinity of cracked region to identify
failure envelope at a specific deformation mode, AND

8. A FLC was constructed to differentiate between failed and safe regions of

deformation captured by the ARAMIS.

The constructed FLC was used to develop an analytical expression for the failure in the
woven SRPP composite. This FLC has the potential to be used in manufacture of SRPP
components with complicated geometries. Proposed path-dependent failure envelope offers

several advantages to conventional failure models of composites:

e The proposed failure model is capable of predicting failure in SRPP composite
under different deformation modes ranging from biaxial stretch to uniaxial
extension mode,

e Effect of residual thermal stress during manufacture of composites could be

studied using path dependency of failure criteria,
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The effect of load path on failure of composite can be clearly elucidated,
The failure limit curve has the potential to be implemented in a numerical
simulation to predict failure in a woven SRPP composite under complex

loading conditions.

55



Composites: Part A 68 (2015) 251-263

Contents lists available at ScienceDirect

Composites: Part A

journal homepage: www.elsevier.com/locate/compositesa

ELSEVIER

Induced forming modes in a pre-consolidated woven polypropylene
composite during stretch forming process at room temperature; I.
Experimental studies

@ CrossMark

N.A. Zanjani %, A. Sexton, S. Kalyanasundaram

Research School of Engineering, ANU College of Engineering and Computer Science, Australian National University, 31 North Road, Canberra, ACT 0200, Australia

ARTICLE INFO ABSTRACT

Article history:

Received 17 July 2014

Received in revised form 2 September 2014
Accepted 28 September 2014

Available online 13 October 2014

In the current study, rectangular specimens of pre-consolidated woven Self-Reinforced Polypropylene
(SRPP) possessing different fibre orientations and aspect ratios were stretch formed in an open die.
Induced displacements were recorded by an in-situ 3D photogrammetric measurement system. Resultant
principal strains were investigated to clarify the role of different deformation modes during stamp form-
ing. The dependency of induced deformation modes to the specimens’ geometries was studied. A novel
path/deformation dependent failure criterion was established to distinguish between safe and failed
regions of SRPP in a stamping process and to elucidate the dependency between failure and induced
forming modes in a woven composite. The experimental results highlighted the suitability of consoli-
dated SRPP to be formed into complex doubly curved geometries by the stamp forming process at room
temperature. It was found that required forming depths could be achieved if a proper combination of

Keywords:

A. Fabrics/Textiles

A. Thermoplastic resin
B. Strength

E. Forming

specimen size, boundary condition, and fibre orientation was selected.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

In last few decades, shortage of fossil fuel resources, global
warming and air pollution have raised worldwide concerns toward
excessive energy consumption and its inevitable environmental
impacts. According to statistics published by IEA (International
Energy Agency) in 2012 [1], the transport industry is responsible
for 22% of the total CO, emissions worldwide. To address this issue,
European Union set mandatory regulations on car manufacturers
to reduce CO, emissions of automobiles produced after 2015 [2]
or they will be penalised for excess emissions. Results of analyses
conducted by IFEU (Institute of Energy and Environmental
Research) [3] revealed that every 100 kg reduction in the mass of
automobiles results in a decrease of 2.2t in CO, emission and
300-800 litre savings in fuel consumption over the lifespan of a
vehicle. This provides sufficient incentives for car manufacturers
to reduce the weight of their products to reach mandatory targets.

Woven Self-Reinforced Polypropylene (SRPP) composite, manu-
factured from polypropylene both as the matrix and reinforce-
ments, offers a wide range of superior properties over monolithic
materials and conventional fibrous composites. Thermoplastic
polymers offer recyclability characteristics due to ability to be

# Corresponding author. Tel.: +61 (2)61258546.
E-mail address: nima.akhavan@anu.edu.au (N.A. Zanjani).

http://dx.doi.org/10.1016/j.compositesa.2014.09.023
1359-835X/© 2014 Elsevier Ltd. All rights reserved.

re-moulded and re-shaped after being initially consolidated. Poly-
propylene, as a typical thermoplastic polymer, offers low fabrica-
tions costs, environmental stability and ease of processing [4].
SRPP, constituted from highly drawn polypropylene fibres, benefits
from a broad range of attractive properties including light weight,
relatively high mechanical strength compared to plain polymers
[5] and enhanced energy absorption characteristics. These proper-
ties make SRPP an attractive candidate to metals in applications
where a combination of structural strength and reduced weight
is necessitated. Woven SRPP possesses other attractive properties
including higher modulus than polypropylene, internal integrity,
balanced in-plane thermomechanical properties and enhanced
resistance to crack propagation [6].

Currently, composites are manufactured via time-consuming,
complex methods, such as hand lay-up and moulding techniques.
High costs associated with these techniques and their incompati-
bility to current manufacturing procedures in major industries
has hitherto restricted their applications to a few limited industries
such as aerospace. Benefitting from composites in a broader range
of applications is viable only if they are produced via a more effec-
tive technique capable of addressing high volume production rates.
Stamp forming, as a rapid manufacturing technique, has been
extensively applied and studied on prepreg woven composites
[7-16]. The procedure includes forming of already impregnated
woven fabrics into the desired geometry by a punch (draping)
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whilst sufficient pressure and temperature is applied. However,
some issues can arise from excessive distortion and re-orientation
of the material during forming due to the very low stiffness of the
fabric. This can result in reduced mechanical properties of final
products. Inefficiencies of current failure criteria in predicting safe
deformation margins of a woven composite is another obstacle to
be overcome if wide spread applicability of stamping on compos-
ites is desiderated.

To attain low manufacturing cycle times for components made
of woven SRPP and to obtain cost-effective products, stamp
forming of pre-consolidated composites seems propitious. Several
studies have been previously conducted in this area [17-25]. The
present study investigates the stretch forming behaviour of
pre-consolidated sheets of woven SRPP at room temperature. The
current research, inspired from sheet metal industry, aims at pre-
senting a reliable measure to predict failure in woven composites
during stamping procedure. This was accomplished by construct-
ing a Forming Limit Curve (FLC), employed extensively in metal
forming, based on induced strains in different specimens in the last
stage of deformation. The novelty of this approach is demonstrated
through predicting failure in composites by a combination of a his-
tory dependent failure criterion with induced deformation modes
introduced by the ratio of two principal strains. This enabled us
to establish an independent set of failure criterion for SRPP com-
posite in particular regions of strain space each representing a dif-
ferent deformation mode. This methodology is analogous to
employ an interactive failure criterion to predict failure in compos-
ites without imposing restrictions of a constant term on the right
hand side of the equation.

This approach offers both simplicity of using an independent
failure criterion and precision of considering strain history in the
current mechanical state of the composite. Furthermore, the accu-
racy of predicting failure in a woven SRPP composite, during a typ-
ical forming exercise, increases considerably. This is due to the fact
that the current failure criterion is established based on the out-
comes of an extensive forming practice on the composite rather
than simple uniaxial and biaxial characterization tests. Further-
more, outcomes of the current study highlighted substantial differ-
ences between stamp forming behaviour of metals and pre-
consolidated woven SRPP at room temperature. The current study
is the very first of its kind to investigate stretch forming of a pre-
consolidated SRPP and to predict failure in a woven composite
through an evolving Forming Limit Diagram (FLD).

2. Experimental procedures
2.1. Material

Specimens were made of balanced multilayered 2/2 twill weave
SRPP having 0.9 g cm-3 volumetric density manufactured by Pro-
pex Fabrics GmbH (Germany) (Fig. 1). The material was produced
via a hot compaction technique, originally developed at Leeds Uni-
versity. The fibre volume fraction of SRPP was 55% according to
manufacturer’s datasheet [26]. Some basic mechanical properties
of SRPP composite are provided in Table 2.

2.2. Specimens geometry

The specimens were consisted of rectangular cut-outs from a
200 mm diameter circle. The width of the samples varied from
12.5 mm to 200 mm (Table 1). In Table 1, Re indicates Rectangular
shape of the specimen, as opposed to the specimen possessing an
hour-glass geometry commonly used in stretch forming of metallic
samples. The number after Re indicates the sequence by which the
specimen was used in stamp forming experiment and W indicates

Fig. 1. A sheet of SRPP composite.

Table 1

Specimens employed in the study.
Sample W (mm) Sample W (mm)
RelW12.5 125 Re5W100 100
Re2W25 25 Re6W125 125
Re3W50 50 Re7W150 150
Re4W75 75 Re8W200 200

Table 2

Mechanical properties of SRPP composite.
Technical properties Test method Value Unit
Density 150 1183 0.92 glem?
Initial tensile modulus DIN EN ISO 527 4200 N/mm?
Tensile strength DIN EN ISO 527 120 N/mm?
Tensile strain to failure DIN EN IS0 527 20 %
Flexural modulus DIN EN IS0 178 3500 N/mm?
Compression strength EN 1SO 604 300 Mpa
Tensile impact strength EN 1SO 8256 1000 Kj/m?

the width of the specimen. Thickness of all samples was 1 mm. To
elucidate different forming behaviour in stretch forming, each
specimen was employed with two different fibre orientations.
Specimens possessing [0°, 90°] fibre orientation were used to
reveal forming behaviour ranging from uniaxial extension to biax-
ial stretch. To reveal intra-ply shear behaviour of SRPP, samples
possessing [45°, 45°] fibre orientations were stretch formed. To
investigate failure in SRPP, two concepts extensively employed in
metal fabrication was applied: The Forming Limit Diagram and
the Forming Limit Curve. The Forming Limit Diagram (FLD) is a
graphical representation of strain state at different material points
determined by induced minor and major strains. The FLD could be
constructed at any single deformation stage and therefore it dem-
onstrates an evolving behaviour due to the evolution of the mate-
rial's strain state during a forming process. The FLD is used to
investigate induced deformation modes in different regions of
specimens and to evaluate the contribution of different strain
states in a typical deformation practice. To determine safe and
failed deformation margins of SRPP, a Forming Limit Curve (FLC)
was employed. A FLC is a curve tangent to the FLD at the last stage
of deformation and is obtained via forming specimens beyond their
failure limits. This curve distinguishes between failed and safe
deformation margins of a typical material during any forming
practice.

Incorporated failure modes in a forming exercise are depicted
by a strain ratio parameter (SR or /= minor strain/major strain).
Each deformation mode is characterised by a constant value
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depicting a different strain ratio: =1 for biaxial extension, =0
and f=-0.5 for plane strain and uniaxial extension respectively,
f=-1 for shear deformation and f= -2 indicating initiation of
wrinkling on the surface of specimens; henceforth described as
the wrinkling mode. The wrinkling mode depicts initiation of
out-of-plane deformations on the surface of specimens experienc-
ing in-plane loadings due to onset of compressive instabilities in
the material. Each deformation mode determines the ratio of con-
tributed forming modes in a typical forming practice including
stretch, draw and compression. Consolidation of data obtained
from these two sets of experiments into a unified FLC results in
determination of full-field failure threshold for a woven SRPP
composite at room temperature.

253
2.3. Experimental equipment

In the current study, strains were measured by an in-situ non-
contact measurement system (ARAMIS). The ARAMIS is composed
of two high speed, high resolution CCD cameras capable of captur-
ing images during deformation of a specimen. This facilitated
tracking of strain evolutions through every single stage of deforma-
tion process by comparing current positions of surface points to
their undeformed or initial positions. This process was automati-
cally done by the ARAMIS system through an automated point
tracking system or a 3D mapping procedure [27]. Stretch forming
experiments were captured by the ARAMIS with the rate of 20
fps (frames-per-second). Analysis of results started with

Punch Head
— Dic and Blankholder
Specimen

CCD Cameras (ARAMIS)

CCd Cameras
mount

Fig. 2. Stamp forming equipment and measurement system set-up. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. Dimensions of stamping equipment and fixtures.
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decomposition of images into various virtual squares and
rectangles (facets). Computation of displacements was done by
comparing initial and final positions of every single facet, followed
by the calculation of induced strains using the deformation
kinematics. The procedure of calculating strains was automatically
done via the built-in algorithm implemented in the ARAMIS by
the manufacturer. Forming of samples was accomplished via a
custom-built press with a 300kN load capacity. The press
consisted of a 100 mm in-diameter hemispherical punch and an
open die, enabling ARAMIS to be located at the bottom of the press
and to capture induced strains during all stages of the deformation.
The feed rate of the punch was set to 10 mm/s. This resulted in
capturing two images of the deformed specimen for each
millimetre of downward penetration of the punch (along z axis
depicting normal direction to the surface of undeformed
specimens). The ARAMIS was mounted beneath the open die via
a T-joint adaptor facing toward the painted surface of the specimen
(Fig. 2). Dimensions and configuration of the fixture used to clamp
the specimen and to impose fixed boundary condition are
represented in Fig. 3.

3. Results and discussions

All specimens were deformed up to failure indicated by a 20%
drop in the load measured by the load cell. Evolution of principal
strains along the 0° and 45° axes were investigated in a strain
space to reveal the role of different deformation modes on the
forming behaviour of SRPP. The effect of specimens’ geometry on
induced principal strains was investigated. The deformation modes
and their evolutions were studied via a strain ratio parameter (f3).
Room temperature FLC was constructed and fundamental differ-
ences between the forming behaviour of SRPP and AL 5005-0, as
a typical metallic alloy, were discussed. Finally, a novel strain-
based failure criterion for composites based on induced deforma-
tion modes in SRPP was introduced. The originality of this criterion
is evident in determination of a failure for a composite by both
induced strains and strain ratio as an indicator of induced deforma-
tion modes. The significance of adopting the current approach to
predict failure is demonstrated through its path-dependent, defor-
mation-mode sensitive behaviour. Stamp forming is a complicated
process that incorporates a variety of simultaneous forming modes
into a single process to conform the initial blank to the final com-
plex geometry. The analysis of a stamp forming practice becomes
more intricate if an inherently heterogeneous material such as a
woven composite is employed. This approach offers a straightfor-
ward, unambiguous failure criterion applicable to stamping pro-
cess of a woven SRPP by eliminating the need to tackle with the
complicated microstructural behaviour of this class of material.
Furthermore, incorporating the proposed criterion in a numerical
simulation would result in a direct and cost-effective analysis
suitable for most forming processes.

3.1. Evolution of the FLD in various samples

Fig. 4(a-c) represents the evolution of Forming Limit Diagram
(FLD) for three typical samples of SRPP having [0°, 90°] orientations
at various stages of deformation. In these figures, Z direction is con-
sidered as the normal direction to the plane of specimens prior to
the deformation. Therefore, Z parameter represents downward dis-
placement of the punch measured from the initial contact point
between the punch and the specimen. Although all specimens
were fixed in a similar fixture, due to possessing different aspect
ratios, the clamped circumferential length and therefore imposed
boundary conditions were different from sample to sample. These
specimens characterized three important modes of deformation
associated with every complex forming exercise including uniaxial
extension (4-a), plane strain (4-b), and biaxial stretch (4-c). Collab-
oration of a wide variety of different forming modes in stamping of
composites and the complex interaction between interlacing yarns
obscure any clear judgement on failure behaviour of composites
based on the existing failure criteria. Therefore, it is of vital impor-
tance to comprehend the contribution and evolution of these form-
ing modes during stamping of pre-consolidated composite samples
possessing different aspect ratios. Evolution of FLD is depicted
from 5 mm downward punch penetration to the maximum punch
displacement prior to failure of the specimen, at 10 mm intervals
(Depicted by different Z values). Rigorous investigation of these fig-
ures reveals fundamental differences between evolutions of FLD in
these specimens:

o Induced deformation mode on the surface of the sample is
dependent on the specimen’s aspect ratio and imposed bound-
ary conditions. The narrowest sample experienced uniaxial
extension in all stages of deformation, whereas in Re5W100
deformation modes spread among uniaxial extension and biax-
ial stretch modes, demonstrating plane strain in some specific
areas. Induced deformation modes in the widest sample were
located mainly in first quarter of strain space, bounded between
plane strain and biaxial stretch.

In the narrower specimens (4-a and 4-b), the evolution of FLD
exhibits more proportionality to the depth of deformation than
other specimens. In other words, the depth of deformation and
the shape of FLD have a one-to-one dependency. This implies
that if FLD of narrow specimens is known at any two stages of
deformation, its evolution at any forming depth can be pre-
dicted by a linear intra/extrapolation technique. The error
induced by the interpolation technique increases as the width
of specimens extends.

In the widest specimen (4-c), an increase in the depth of defor-
mation (or Z) results in a disproportional extension in FLD enve-
lope. This includes an unbalanced shift of FLD along both
positive and negative directions. This behaviour caused by an
alternating combination of drawing and stretching at different
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(a) FLDs of ReIW12.5 (b) FLDs of Re5W100 (c) FLDs of Re8W200

Fig. 4. Evolution of principal strains on the surface of different SRPP specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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stages of deformation is dependent on a variety of parameters sections as depicted in Fig. 6. The parameter f# (strain ratio or SR)
including microstructure of the woven SRPP and imposed indicates the ratio of minor to major strains at any given stage of
boundary conditions. deformation. The evolution of strain ratio is visualized in three
Extents of the FLD envelope are influenced by the specimen’s  subsequent stages of forming specified by the punch penetration:
aspect ratio and applied boundary conditions. However, 10 mm, 20 mm, and the last stage of deformation. It is noteworthy
induced minor strain is more influenced by these parameters to mention that the visible length of meridian section to the
than major strain. For instance, minor strain extents in  ARAMIS is less than the actual length of the specimen or
Re5w100 and Re8w200 are 75% and 262% larger than of 200 mm. This is due to the fact that a considerable proportion of
Re1W12.5 specimen. This also indicates the contribution of a

broader range of deformation modes in forming of larger

specimens. Pl P2 45° Section
o Formability of SRPP is impacted by the combination of deform- \ \ a
able material and applied boundary conditions determining /;\ /
induced deformation modes. Therefore, an appropriate selec- 17
tion of initial geometry and applied boundary conditions results 6
in a satisfactory forming practice while prohibiting failure initi- Pole
ation and propagation due to the balance between stretching — \5 0° Section
and drawing. Considering the woven structure of the SRPP, 14 i /
the failure is definitely affected by governing deformation ® ! /

modes induced in specimens. This emphasizes on the necessity
of determination of failure in pre-consolidated woven SRPP o
based on induced deformation modes which is the focus of / Meridian
the current study. !

/
3.2. Deformations and incorporated failure modes in stamp forming \/

Fig. 5a-e illustrates the evolution of induced deformation
modes in aforementioned samples along their meridians and 45° Fig. 6. Position of meridian and 45° sections on the specimens.
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Fig. 5. Evolution of principal strains along meridians of different SRPP specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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specimen length was covered between the die and the blank holder
(Fig. 3). This explains why the meridian length in these figures is
equal to 100 mm rather 200 mm which is the actual length of
specimens.

During early deformation stages of Re1W12.5, the middle sec-
tion of the specimen experiences a close to plane strain deforma-
tion mode and points near fixed edges roughly experience
uniaxial extension. The transition between these two deformation
modes occurs too expeditiously, resulting in a sharp localised gra-
dient. This rapid change in behaviour results from the contact (fric-
tion) condition between the specimen and the punch in the middle
of samples. Friction and imposed boundary conditions at edges of
the specimen suppress transverse strains normally caused by Pois-
son’s effect. An increase in forming depth causes the strain ratio to
evolve more homogenously, resulting in a monotonic behaviour
and smooth distribution of deformation modes.

In Re5W150, the difference between minimum and maximum
strain ratios is more pronounced, and does not stabilise fully even
at the last stage of deformation (Fig. 5b and c). This behaviour is
caused by the friction condition and a different aspect ratio of
the sample. However, the sharp gradient in meridian strain disap-
pears as a result of increase in contact surface between punch and
the sample. Generally, the difference between minimum and max-
imum strain ratios is more evident in a 45° section than in a 0°
direction due to the contribution of a different deformation mech-
anism (Trellising) during forming.

Induced deformation modes in Re8W200 follow an opposite
trend. It initially shows a more homogenous pattern of deforma-
tion modes and then demonstrates pronounced inconsistencies in
different locations at the last stages of deformation (Fig. 5d and
e). This is caused by different imposed boundary conditions that
do not allow trellising to contribute in formability of this specimen.
It should be emphasized although all samples were clamped in the
lock-ring, due to variations in their widths, the length of the fixed
circumference and therefore imposed boundary condition were
different among specimens. In general, the aspect ratio of the spec-
imen was the determinant factor on the length of the fixed circum-
ference and the free edge and therefore changed the imposed
boundary condition on specimens. Conclusively, the contact sur-
face, friction and actual boundary conditions are three influential
parameters on induced forming modes in a SRPP specimen,
although their effect on the forming modes could not be judged
easily. This demonstrates the complex and non-linear dependency
of induced deformation modes in the SRPP on effective forming
parameters including contact.

Substantial differences among forming behaviour of these sam-
ples can be summarized as follows.

In wider samples, the gradient of § changes gradually during
initial stages of deformation, while it varies more drastically in last
stages of deformation. These could be justified by an increase in
the contact surface between the specimen and the punch, more
even distribution of traction forces and the amount of free material
to flow. In the narrower sample the trend is reversed. Variations in
the induced deformation modes in Re1W12.5 during last stages of
deformation become less severe as a result of a decrease in length
of the clamped perimeter and the small amount of material to
deform into the die cavity. These behaviours highlight the impact
of a hemispherical punch on forming behaviour of SRPP. The hemi-
spherical punch affects a very small central region of samples at
early stages of deformation, while the contact surface between
punch and the blank gradually increases as forming depth grows
(Nakazima effect).

Forming characteristic of SRPP specimens along meridian and
45° axes is completely different to its behaviour along a 90° axis,
both in terms of induced deformation modes and variation of f
along the section length. This is due to the effect of shear

deformation mode and its dominance along 45° section. This mode
of deformation extends limits of f, as the principal forming mode
changes from fibre extension and interplay shear to trellising or
intra-ply shear in a woven composite.

It is noticeable that as the forming depth of the samples
increases, the fluctuation of f# (or its spiky behaviour) along 45°
section decreases. This could be explained by undulation of fibres
during the initial stages of deformation and the influence of fibre
extension on shear deformation in the last stages of deformation.
Another reason for such forming behaviour could be the domi-
nance of static friction in initial stages of deformation and its evo-
lution to dynamic friction after yarn slippage is initiated. Increase
in forming depth produces an even distribution of normal pressure
on contact surfaces, leading to a steady state in friction condition.
These observations illustrate the complex forming behaviour of
SRPP composite due to intricate micro and meso level interactions
in a woven composite.

The strain ratio evolution with forming depth is graphically
illustrated across the surface of specimens in Fig. 7(a-c). In the
pre-stretch stage, which is indicated by fixing specimens between
the die and the fixture, the strain state in Re1W12.5 and Re5W100
are mainly consisted of uniaxial extension mode, while bi-axial
extension is the dominant forming mode in Re8W200. The initial
stochastic distribution of strain ratio is caused by an uncontrolled
pre-stretch state imposed by the lock ring (lock-ring effect). The
mode of deformation becomes more coherent toward the final
stage of deformation for all samples as the lock-ring effect is coun-
teracted by the strain state induced by the punch. Induced defor-
mations in RelW12.5 finally approaches toward uniaxial
extension mode (-0.1 < < —0.3). In Re5W100, biaxial extension
mode is induced in the central elliptical region, shifting to plane
strain mode in a rhomboid-shaped region across the side walls.
In Re8W200, the central rhomboid-shaped region experiences bi-
axial strain mode, shifting to plane strain mode in outer regions.
The deformation mode along 45° axis and near clamped edges
develops into plane strain. The noticeable difference between
forming behaviour of Re5W100 and Re8W200 samples near 45°
boundaries, is caused by the free rotation between interlacing
fibres in the former while in the latter, the imposed fixed boundary
conditions prohibits free rotation of interlacing fibres around their
crossover joints.

In Fig. 8, evolution of strain ratio is demonstrated at following
locations: Pole, P1, and P2 (Fig. 6). These points could not only be
differentiated by their position, but by how warp and weft yarns
are interacting with each other. After early stages of forming, the
strain ratio of poles tends to follow a constant value. However, this
constant value varies between samples: strain ratios of 0.1, +0.3,
and +1 are indicated for Re1W12.5, Re5W100, and Re8W200 sam-
ples, respectively. In ReIW12.5 and Re5W100 specimens, the
strain ratio at P1 and P2 increases gradually and does not become
steady even in the last stages of deformation. In all three samples,
the strain ratio changes gradually at the pole while this ratio for P1
and P2 fluctuates rapidly. This could be explained by the combined
effect of strain concentration at the fixed edges and simultaneous
undulation of the interlacing yarns.

These behaviours clearly indicate that the forming behaviour of
pre-consolidates woven SRPP is completely different to metals
which maintain a constant strain ratio through all stages of the
deformation [28]. These observations illustrate the complicated
forming behaviour of woven composites and its dependency
to forming parameters including contact and boundary conditions,
forming depth and fibre orientation that is specified by the
woven structure of the composite. These observations highlight
the importance of seeking a novel failure criterion for woven
composites as their forming and failure behaviours changes
dramatically with variations of deformation mode, while offering
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Fig. 7. Evolution of strain ratios on the surface of different specimens ( progressing from left to right). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 8. Strain ratio evolution of different points of interests. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

a non-consistent strain history at different locations during stretch
forming practice. Furthermore, constantly evolving strain ratio at
each material point necessitates considering the strain ratio
parameter as a major factor in developing a suitable failure crite-
rion to predict failure in SRPP during stamping process.
Incorporated failure modes in SRPP samples can be observed
from different perspectives (macroscopic or microscopic), while
each provides a different insight into failure of SRPP during stamp
forming. Microscopic failure modes in Re2W25 and Re6W125, as
two typical specimens, are represented in Figs. 9 and 10, respec-
tively. Fig. 9a and b depict localised failures due to compressive
stress states within the sample. Fig. 9a shows fibre kinking and
yarn rupture while Fig. 9b reveals buckling of the yarns at the edge
of the specimen. Fig. 9c and d represents longitudinal cracks and
yarn splits due to tensile stresses during stamp forming. Curvilin-
ear shapes of yarns after failure indicate plastic deformation in
Re2W?25 specimen. Fig. 10 represents different incidences of failure

in Re6W125 specimen, including fibre kinking due to localised
compression, Mode II fracture due to in-plane shear (observed
via hackles in the specimen), out-of-plane buckling indicated by
two adjacent bright and dark surfaces, in addition to longitudinal
and transverse cracks. The microscopic failure modes cover a wide
range of failure morphologies resulted from in-plane tractions and
bending moments.

However, macroscopic observations more clearly elucidate the
effect of woven reinforcement and specimen’s aspect ratio in mor-
phologies of failure in a woven pre-consolidated SRPP composite.
Fig. 11(a-d) represents different failure mechanisms associated
with stretch forming of specimens with different aspect ratios.
Fig. 11a depicts associated failure modes in Re2W25. The failure
surface makes a completely transverse plane to the major strain
direction (along weft yarns), indicating yarn rupture. The jagged
failure surface shows yarn pull-out which is re-emphasized by
the longitudinal fibre pull-out on the surface of the right part
(11-a). Delamination is also observed in this figure at the edge of
the specimen. Fig. 11b shows ruptured surface of Re4dW75. The
main failure mechanisms are yarn rupture and fibre pull-out. How-
ever, the failure surface is not normal to the major strain direction
and is guided along a 45° transverse direction in the middle of the
sample. The inclined failure path indicates the support of orthogo-
nal fibres in load bearing capacity of the composite which results in
the transfer of load between warp and weft fibres. This phenome-
non (bridging effect) delays failure in stretch forming of woven
pre-consolidated SRPP specimens possessing specific aspect ratio.

Fig. 11c shows a more pronounced bridging effect in Re7W150
as the propagated crack did not extend completely through the
width of the specimen and has been stopped by transverse yarns.
The incorporated failure modes are yarn rupture and matrix shear-
ing at the interface of yarns. Fig. 11d depicts a completely different
failure phenomenon in Re8W200. The failure surface is constructed
from two orthogonally intersecting individual paths in the middle
of the specimen making a 45° angle with the yarn direction. It
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Fig. 9. Microscopic examination on stampformed Re2W25 SRPP specimen (X10). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)

Fig. 10. Microscopic examination on stampformed Re6W125 SRPP specimen (X10).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

shows shear failure and breakage of the yarns. The specific failure
behaviour of Re8W200 SRPP composite was resulted from the
imposed boundary condition. The full perimeter of Re8W200 was
locked in the lock-ring. This prohibited fibres drawing excessively
during stamp forming. However, other specimens were able to
draw and stretch simultaneously to form into the desired
geometry. Besides, some yarns were allowed to trellis during

forming depending on the imposed boundary conditions, while
in Re8W200 the only contributing forming mechanism was
stretching of warp and weft yarns. Therefore, based on
macroscopic failure observations during stretch forming of
different specimens, it can be concluded that incorporated failure
mechanisms and the geometry of the failure surface is strongly
influenced by the induced forming modes. Therefore, incorporated
failure mechanism is strongly affected by the specimen’s aspect
ratio and boundary conditions.

3.3. Major strain evolution

The evolution of major strains along meridian of three typical
samples is shown in Fig. 12(a-c). The meridian major strains are
depicted at different stages of deformation until failure. The fluctu-
ations are caused by specific twill pattern of SRPP, and the image
capturing process employed by ARAMIS. The ARAMIS utilises
square meshed facets to measure and calculate strains in different
regions of specimens. These facets coincide with warp and weft
yarns alternatively, reporting different local major and minor
strains due to different local behaviour of warp and weft yarns.
These figures indicate highly heterogeneous nature of woven com-
posites, making it extremely difficult to predict their forming and
failure behaviours. This explains inefficiency and inapplicability
of current failure criteria on woven composites and the necessity
to adopt a more appropriate measure to predict failure in this class
of material during forming. This also highlights limitations of an
optical measurement system in measuring strains in a woven com-
posite and the necessity to follow a rational evaluation procedure
during interpretation of such a visually captured data.

Critical observation on major strain evolution of SRPP
composite reveals their significantly different behaviour to metals.
These differences could be summarized as follows:
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Fig. 12. Meridian strain evolution in different SRPP specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

o Localised necking phenomenon was not observed in major
strain evolution of SRPP along their meridian section. This is
clearly demonstrated by the absence of any sharp peaks or spiky
behaviour in Fig. 12(a-c). In fact, meridian major strain evolu-
tion in these specimens represents a uniform behaviour. In
the absence of necking, all surface strains increase simulta-
neously all over the specimen. This process results in greater
strain energy stored in the specimen during forming and there-
fore enhances its energy absorption capability. This specific
behaviour results in improved formability of a woven compos-
ite, if a proper combination of forming parameters are selected.
The necking phenomenon in metals is specified by localised
strain concentration along their meridians at the last stages of
deformation, as observed in Fig. 13. The sharp peaks in meridian
strain evolution indicate the occurrence of localised thinning in
metallic specimen due to existing imperfections.

Visual observations of failed SRPP specimens confirmed funda-
mentally different behaviour of woven composites to metals, as

the thickness thinning was not observed across the failed region
in SRPP.

o Heterogeneous mechanical characteristic of SRPP enforced
rapid, drastic change of local values of major strain along a typ-
ical section. This spiky behaviour was dictated by the complex
microstructure of woven composite and intricate intra-layer
frictional interactions between embedded yarns.

The contribution of in-plane strains, including normal and shear
strains, in the evolution of meridian major strain of SRPP speci-
mens is elucidated in Fig. 14. These in-plane components of strain
tensor are depicted at the last stage of deformation. It should be
mentioned that y and x directions specify in-plane longitudinal
and transverse axes, located along length and width of specimens,
respectively. Therefore, due to specimens' fibre orientation,
imposed boundary condition, induced tractions and kinematics of
stretch forming, the major and minor strains correspond to «y
and ¢x axes, respectively.
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Friction between punch and Re1W12.5 suppresses evolution of
minor strain along x axis due to Poisson’s effect, thus it merely
experiences draw in this direction and induced strain would be
zero (&, ~ 0). Re5SW100 specimen possesses larger contact surface
with the equal amount of friction causing slightly higher minor
strain along x direction. Large non-contact surface area of
Re8W200 increases meridian minor strains compared to the other
specimens. The contribution of shear strain (¢,,) is zero due to ori-
entation of fibres and stress state in specimens. Perimeter of
Re8W200 is fully clamped in the lock ring, therefore punch pene-
tration into the specimen results in an equal amount of stretch in
both x and y directions at the pole (s, = ¢,). The contribution of
the real contact surface between punch and specimens and there-
fore friction effect in evolution of ¢y and «x is clearly highlighted in
these figures.

3.4. Construction of Forming Limit Curve (FLC)

A FLC is constructed from induced principal strains near
ruptured area at the last stage of deformation. Determination of
FLC in metals is straight forward as they experience necking or
localised strain concentration in the ruptured area. Following ISO

NA. Zanjani et al./ Composites: Part A 68 (2015) 251-263

12004-2 standard, strain states in these locations are determined
and then a smooth curve is passed through limiting strains to con-
struct the materials’ FLC. However, as mentioned previously, SRPP
does not exhibit necking prior to rupture, Therefore, an alternative
procedure was sought to construct FLC for this class of material.
First, several axis parallel to the length of the specimens were con-
structed and maximum strains and corresponding deformation
modes were determined via the ARAMIS results. These deforma-
tion modes were dependent to the specimens’ aspect ratios. Then,
failure points were specified in strain space and connected via a
smooth curve, The resultant curve, distinguishing between failed
and safe deformation margins in strain space, is called the FLC of
SRPP. Specific behaviour of a woven composite necessitates consid-
ering both strain ratio and forming path simultaneously when
specifying failure in SRPP via a FLC. This specific behaviour of
woven composites and its significance in determination of a safe
forming practice for composites is clearly elucidated by the out-
comes the current research.

The resultant FLC of SRPP composite is constructed and
depicted in Fig. 15. In this figure, the bold curve indicates FLC of
SRPP, constructed by previously mentioned procedure. Dashed
lines specify prominent paths of deformation intersecting with
the FLC at different locations. It is obvious that failure in SRPP
could be predicted by a horizontal line specified between biaxial
to uniaxial extension modes. This is in complete agreement with
maximum strain failure criterion. Data extracted previously from
uniaxial extension experiments on rectangular SRPP samples
shows that SRPP specimens fail at major strains ranging from
16% to 20% due to variation in mechanical properties. This behav-
iour is re-validated by the constructed FLC. However, in the region
between uniaxial extension and shear mode, the failure limit strain
changes drastically. The failure in shear deformation indicates an
increase equal to 135% compared to failure in uniaxial extension.
This designates a fundamental change in forming mechanism of
SRPP in shear deformation at a microstructural level (trellising
effect). This also elucidates the effect of fibre orientation on defor-
mation of SRPP and explains how higher forming depth could be
achieved by a change in active deformation mechanism.

In Fig. 15, an FLC of Aluminium 5005 is also represented to
facilitate comparing forming limits of the self-reinforced
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Fig. 14. Normal and shear strains along meridian of different SRPP specimens prior to rupture. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

65



N.A. Zanjani et al./Composites: Part A 68 (2015) 251-263 261

80 : e 7 —

;S le—Region Tl of failure 5L RegionLoffailure 30 12 5mm

65 " Strain «25mm
] gg 50mm
g 50 75mm
2 :g = 100mm
.:. 35 < 125mm
2 150mm

20| Deformation +200mm

Iﬂ Predicted failure in V‘-’ Biaxit |~ Shear(1)

g uniaxial extension Extension She: ar(z)

-30 =20 -10 0 10 20
Minor Strain

Fig. 15. FLC of SRPP. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

polypropylene and a common metallic alloy used in the industry.
Although the forming limit of the Aluminium is slightly higher
than of SRPP, the extents of resultant FLC for the latter is much
greater than of the former. This implies the contribution of
considerably more deformation modes in formability of SRPP
compared to the Aluminium. Besides, in shear region, deformation
envelope of SRPP is greatly enlarged. These results promise
potential applications for a woven SRPP composite in primary
and secondary structures if a proper deformation mechanism
(trellising) is enforced. Applying a proper deformation mechanism
greatly increases uniformly-distributed strains in SRPP specimens,
as observed in experimental results [29].

The resultant FLC could be employed to predict failure of SRPP
during any forming process. Initially, the strain space is divided
into different sub-regions, each bounded between two specific
minor strains. Then, limits of fracture criterion can be determined
by the combination of induced minor strain and strain ratio (defor-
mation mode). For example, the resultant strain space for the given
SRPP composite was divided into two separate regions: Region (I)
indicated by minor strain greater than —8% and region (I1) depicted
by minor strains less than —8% (Fig. 15). Then, the maximum per-
missible major strain, prior the fracture of the composite, could be
extracted from the FLC. The analytical expressions for the proposed
failure criterion, based on experimental outcomes on SRPP, are as
follows:

EMinor = -8% "

{_(‘)’fg 2 s a1 ™ (o) > 18% 0
Eninor < —8%

{ _2”< d(SR) < —05 = (":Mojar)f(,mm, > O.(EMinor) + (In

In these equations, d(SR) depicts instantaneous strain ratio and
shows the path-dependency of the proposed failure criterion. If the
current strain state of a point and its deformation history satisfies
one of these limits, then the failure could be predicted by the rel-
evant major strain. Equation (I) states that if minor strain at a
material point is larger than —8% and induced deformation mode
is located between biaxial-stretch to uniaxial extension modes,
then the failure in the SRPP composite initiates when the major
strain becomes greater than 18%. The equation (I1) indicates that
if minor strain is less than —8% and induced deformation mode is
between shear and wrinkling, then failure in the composite initi-
ates when induced major strains satisfy the given linear equation.
Parameters » and f are determined experimentally. Base on the
experimental outcomes, these values have been obtained as:

=15 and £ =0.05. If the strain path during a forming practice
does not satisfy either of these equations, the composite does not
fail. The path dependency of the proposed failure criterion is
explained more clearly in Fig. 16 [30]. Consider the deformation
path indicated by Path I and Path Il by which a point located
initially at the origin goes through point B to get to point C. Point C
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Fig. 16. Path/history dependency of the constructed FLC for SRPP composite. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

satisfies boundaries of region (1) and therefore failure criterion (1)
should be employed for the occurrence of failure. However, the
instantaneous strain ratio prior to point C, depicted by gradient
of path I, does not satisfy limits indicated by criterion (I). There-
fore, the point C does not exhibit failure although the induced
major strain is already greater than 18%. However, if Point C fol-
lows Path I1l and IV (travels through point A), it fails as both defor-
mation path and instantaneous strain state satisfies failure
criterion and the final major strain is greater than the major strain
calculated by equation (1).

This reveals a significant contribution achieved by the outcomes
of the current research: constructing a FLC for a woven composite
is determinant in achieving flawless products as it clearly illus-
trates the safe deformation paths in shaping them into complex
geometries. Experimental outcomes suggest that to form a SRPP
into a desired geometry, the forming processes should be modified
to encourage contribution of other effective forming mechanisms,
such as trellising. This provides a suitable, effective tool for design
and manufacturing engineers to modify their tooling to achieve
successful products by improving material formability and ham-
pering failure mechanisms in woven composites.

Employing an FLC in determination of failure in composites
offers numerous advantages over conventional failure models,
including:

o All deformation paths, ranging from biaxial stretch to shear
modes, have a specific intersection with FLC. Therefore, the fail-
ure limits for each deformation mode is uniquely determined.
Constructed failure criteria is both path and deformation mode
dependent. Therefore, the effect of each deformation mode on
the failure limits of the composites could be clearly and sepa-
rately evaluated. Furthermore, the effect of fabrication induced
stresses on the current state of the composite and its safe failure
threshold could be evaluated directly.

o This failure criterion could be easily implemented in a numeri-
cal simulation to predict failure in any SRPP composite when
subjected to specific forming conditions. This reduces the
required time to complete the cumbersome die try out and
therefore decreases manufacturing associated prices signifi-
cantly in producing flawless products.

A comparison between FLCs of SRPP and Al5005-0 reveals fun-
damental difference between forming behaviour of SRPP and met-
als. The room temperature FLC of Al5005-O is represented
individually in Fig. 17. The minimum failure limit for Al samples
is located in plane strain region, while the minimum major strain
for SRPP samples lies in uniaxial region. These behaviours, resulted
from different microstructures, elucidate clearly the influence of
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Fig. 17. FLCs of Al5005-0. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

micro-level structure on macro-level forming behaviour in two
materials. In former, the dislocations of crystalline structure is
the driving force shaping sheets into desired geometries, while in
the latter, interactions between interlacing yarns acts as the form-
ing mechanism. These interactions include friction, slippage, trell-
ising and shear. To predict forming and failure behaviours of
woven composites in industrial applications, it is reasonable to
apply a simple, yet rational method to facilitate manufacturing of
complex components. This justifies application of current approach
to predict failure in this class of materials by implementing a FLC.
Adopting the current methodology results in flawless products
without incurring high costs associated with complex computer
simulations.

Further investigations reveal other fundamental differences
between FLC of these two materials:

Maximum limits of induced major strain in Al and SRPP
specimens in the first (positive) quarter of strain space is equal.
However, the induced minor strain threshold is much larger in
SRPP than Al specimens for the same deformation mode. In the
second quarter of strain space, both major and minor strains
induced in SRPP specimens increase significantly compared to Al
specimens. Once more this indicates the dominance of a different
microstructural forming mechanism in SRPP (trellising) compared
to metals (crystalline dislocation). It was not feasible to induced
100% biaxial deformation in Al samples, as a result of friction
between specimens and the punch. Therefore, data extrapolation
was employed to predict failure limits of Aluminium in this region.
A more conservative procedure was followed to predict failure of
SRPP specimens in this region based on curve fitting on acquired
test data.
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Fig. 18. FLD of Al5005-0 prior to necking. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

To construct a full field FLD for aluminium, specimens’ width
changed from 20 mm to 125 mm. To obtain the same results for
SRPP, specimens possessing 12.5mm-200mm widths were
employed. This depicts the greater sensitivity of SRPP to variations
in width than Al specimens. Furthermore, FLD of Al samples having
different aspect ratios made separate, distinguishable boundaries
with each other, while FLD of different SRPP specimens were more
mixed together, showing less distinct boundaries (Fig. 18).

4. Conclusions

Eight pre-consolidated woven SRPP, having different aspect
ratios, were stretch formed up to the failure at room temperature.
Displacements and strains were measured and calculated by an in-
situ 3D photogrammetric technique, capable of capturing evolu-
tion of deformation on specimens continuously. The experimental
outcomes of the current study are summarized as follows:

o Formability of SRPP is associated with a more uniform strain
distribution compared to metals. This specific behaviour
observed in the current study, extends SRPP forming envelope
as it prohibits failure due to necking or highly localised strain
which is commonly observed in stretching of metals. Elimina-
tion of necking in SRPP delays failure due to a more uniform
strain distribution and an increase in the energy absorption
capability of the material.

A novel history/path dependent failure criterion, inspired from
metal forming, was constructed based on outcomes of extensive
stamp forming on SRPP specimens.

o The proposed failure criterion indicates failure limits of SRPP
composite as a combination of maximum principal strain and
induced deformation mode depicted by the ratio of minor to
major strain.

It was shown that an appropriate selection of forming parame-
ters, such as boundary condition, aspect ratio and fibre orienta-
tion, greatly influence the formability of pre-consolidated SRPP
composite by changing the forming path. For instance, a change
in forming mode from uniaxial extension to shear mode
increased forming limits of SRPP composite by 135%.
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Chapter 4

The effect of fibre orientation on formability
and failure behaviour of SRPP composite

The previous chapter mainly dealt with formability and failure of a SRPP composite
with [0°, 90°] fibre orientations. The resultant modes of failure in specimens with different
aspect ratios included biaxial stretch to uniaxial deformation modes. This chapter deals
with forming and failure of SRPP composite possessing [-45°, +45°] fibre orientations to

characterise composite behaviour under shear deformation mode.

In the current chapter, the effect of fibre orientation on forming and failure behaviours
of a consolidated woven composite is investigated. Off axis specimens were stretch formed
until failure and strain at the vicinity of failed regions were captured to construct a forming
limit envelope in shear deformation region. Induced deformation modes and failure
mechanisms in on-axis and off-axis specimens were compared. Failure morphologies in
two sets of samples with different fibre orientations were studied using an optical
microscope. It was revealed that delamination and intra-laminar shear were the main causes

of failure in off-axis specimens.

A conclusion from this study showed that changing fibre orientation facilitates forming
of woven composites in regions prone to failure due to fibre breakage. The reason for this
behaviour is a change in the forming mode which facilitates forming through trellising and
shearing of the matrix as opposed to stretching the fibres. It was shown that using a
combination of on- and off-axis laminates facilitates manufacture of flawless products and

yields cost savings in mass production of woven composite.

18 different specimens made of a balanced twill-weave SRPP composite with different

aspect ratios and fibre orientations were employed in this experimental study. First stage
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of this study involved unidirectional extension of on-axis and off-axis specimens using a
universal testing machine. Strains and their evolution were captured using a non-contact
two-dimensional photogrammetry measurement system. The second stage of
experimentation included stretch forming of semi-rectangular SRPP samples by a 300 mm
diameter hemispherical punch in an open die configuration. A real-time three-dimensional
strain measurement system, comprised of two high speed cameras mounted beneath the
die, were used to measure strains and strain evolution on the outer surface of specimens.
Specimens were stretch formed until failure and Phenomenological failure studies were

conducted using an optical microscopy system.

It was shown that failure mechanism in SRPP composite drastically changed by varying
fibre orientation and aspect ratio of specimens. Optical microscopy examination of failed
specimens demonstrated that that yarn splitting and fibre fracture were the main causes of
failure in on-axis samples. Failure in off-axis specimens was more complex and a

combination of different failure mechanisms were observed.

A modified failure envelope was constructed to reveal failure mechanisms in off-axis
samples and explain higher formability of off-axis specimens compared to on-axis samples.
Normal and shear strains were measured during deformation of off-axis samples and a
rotation tensor was defined. Using tensor transformation laws, rotation of fibres at each
increment of deformation was measured and strains along fibres and perpendicular to fibre
directions were calculated. It was proved that fibre strain did not exceeded the maximum
permissible strains and as such fibre fracture was not the dominant failure mode in off-axis
samples. This finding revealed that formability of the composite is dominated by the failure
of the thermoplastic matrix. Finally, results were compared with maximum strain failure
theory predictions and it was shown that the proposed FLC-based failure model can better

predict failure in woven SRPP composites.
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The Effect of Fiber Orientation
on the Formability and Failure
Behavior of a Woven
Self-Reinforced Composite

This article investigates the effect of fiber orientation on forming and failure behaviors of
a preconsolidated woven self-reinforced polypropylene (SRPP) composite during the
stamp-forming process. Specimens with different aspect ratios were employed to study
their formability during forming through a hemispherical punch in an open die configura-
tion. The strain evolution in specimens was captured using a real-time strain measure-
ment system (the Aramis). A forming limit diagram (FLD), inspired from metal forming,
was constructed to investigate the failure onset in the woven composite. The FLD
revealed dominant failure mechanisms in [0 deg,90 deg| specimens were yarn splitting
and fiber fracture as depicted by optical microscopy. A modified FLD was proposed to
investigate failure mechanisms in [45 deg,—45 deg] samples. It was shown that delami-
nation and intralaminar shear are the main causes of failure in this set of specimens. The
outcomes of this study suggest that by changing forming parameters, such as fiber orien-
tation, boundary condition, and aspect ratio, the formability of a preconsolidated SRPP
can be improved. These results show the possibility of producing cost-effective, flawless,
and fully recyclable products from consolidated woven composites. The proposed crite-
rion can accurately predict failure in a woven composite by considering the combined
strain interactions. This is reflected in the implementation of induced deformation modes
and strain history into the failure criterion, making it a practical measure for rapid man-
ufacturing techniques, such as stamping. The novel path-dependent failure criterion,
introduced in this study, attempts to fill the gap for a reliable and accurate failure

measure for woven composites. [DOI: 10.1115/1.4030894]

Keywords: woven thermoplastic composite, failure, fiber orientation, forming

1 Introduction

Air pollution, global warming, and shortage of fossil fuels are
some of major issues relevant to the well-being of the society. The
transport industry is solely responsible for a quarter of the green-
house emissions in Europe, 16% in Australia, and 23% in the U.S.
[1-3]. Weight reduction in vehicles can substantially reduce fuel
consumptions and emitted pollutants [4] and therefore is regarded
as one of the major priorities in the automotive industry. A direc-
tive issued by the European Commission of Energy enacted poli-
cies to reduce emissions from the cars by 2020. Furthermore, to
alleviate the adverse effect of end-life vehicles on the environ-
ment, a policy was set in place to force manufacturers to make
95% of cars (by weight) from recyclable materials [5]. These
directives have made the automotive industry to seek alternative
material systems to replace current metallic components.

Fiber-reinforced polymers are attractive candidates to be used
in vehicles [6,7]. These materials can reduce the weight of auto-
mobiles significantly, providing improved wear resistance and
high-energy absorption capacity. A typical application is the
BMW i3 outer skin made completely from a thermoplastic poly-
mer through the injection molding technique [8].

Woven thermoplastic composite materials (WTPCMs) offer the
advantage of a different polymeric configuration, eliminating the
necessity for debonding and restructuring procedures common in
thermoset polymers. They can be regarded as potentially suitable
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candidates to be employed in several industries including aero-
space and automotive applications. This is due to recyclability,
improved resistance to crack propagation, excellent impact tough-
ness, and significantly decreased processing time compared to
thermoset-based composite materials [9-12]. Employing woven
composites in different industries eliminates the shortcomings of
fiber-reinforced composites, such as through-thickness strength
and fiber placement accuracy [13]. Furthermore, they can be used
in fiber-metal-laminate (FML) systems, consisting of a composite
layer sandwiched between two sheets of metal. FMLs offer advan-
tages over monolithic materials, such as weight reduction while
providing the required strength. Furthermore, they do not suffer
from necking as the polymer core distributes the strains more
evenly on the surface of the metal.

Components made of composite materials are generally manu-
factured through labor intensive, time-consuming techniques
resulting in expensive products. Therefore, they are mainly
employed in applications where the production rates are low and
the price is not a major factor. To facilitate the wide spread appli-
cation of WTPCMs and FMLs in mass-production applications,
the conventional techniques in fabricating composites should be
replaced with a more cost-effective, rapid manufacturing method.

Stamp forming is often considered as the preferred manufactur-
ing technique for mass production of metallic alloys. This method
of production results in high-quality, cost-effective products.
Stamp-forming behavior of preconsolidated WTPCMs is a recent
research initiative. Mosse et al. [14-17] studied stamp forming of
a FML both experimentally and numerically. In these studies, the
effect of the blank holder force, punch feed rate, and tool radius
on the quality of channels and domes was investigated. Sexton
et al. [18] studied stretch forming of FMLs possessing different
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geometries. A 3D photogrammetry system (ArRamis) was employed
to record strain evolutions in sheets during forming. Based on
experimental results, FLD of the material was constructed. It was
concluded that FMLs exhibited better formability than aluminum
owing to a wider forming envelope. Zanjani et al. [19] investi-
gated stretch-forming behavior of a preconsolidated thermoplastic
composite at room temperature. It was found out that SRPP com-
posites offer excellent formability due to the capacity to sustain a
larger minor strain for a given major strain. Davey et al. [20]
investigated forming behavior of a carbon/poly ether ether ketone
composite through the finite-element method. The numerical pre-
dictions were evaluated based on draw forming outcomes through
a varying blank holder force.

The present study aims at investigating the room temperature
stretch-forming behavior of a preconsolidated woven SRPP com-
posite, as a fully recyclable, low-density composite material [21].
In this study, various SRPP specimens were stretch formed by a
hemispherical punch and the induced strains and deformation
modes were calculated by a digital image correlation technique. A
FLD, inspired from metal forming [22,23], was constructed to
reveal safe and failed deformation margins and to introduce a
novel strain-based path-dependent failure criterion for the com-
posite. Finally, a modified FLD was introduced to reveal the effect
of fiber orientation on the incorporated failure mechanism.

The proposed criterion offers some benefits in evaluating fail-
ure in a woven composite over independent failure criteria, such
as maximum strain theory: It is a history/path-dependent failure
criterion and therefore the effects of process-induced strains and
the forming history on failure limits of the composite can be eval-
uated directly. It covers all possible forming modes incorporating
to failure onset in the woven composite and is applicable to a
wide range of manufacturing processes. Furthermore, safe mar-
gins of a deformation process can be evaluated easily without the
necessity to incorporate the highly complex structure of a woven
composite in micro/meso-scales. The proposed FLD is suitable
for rapid fabrication processes and mass-production manufactur-
ing environments. Finally, the proposed failure measure can be
easily implemented into a finite-element simulation to elucidate
the failure envelope of the woven composite in the stretch-
forming process. The forming limit curve (FLC)-based failure cri-
terion is introduced in the current research paper to bridge the gap
on the shortcomings of the current failure criteria for composites
[24,25].

2 Experimental Procedure

2.1 Specimens PropeT!;ties. Specimens were made of SRPP
woven composite, CURV ", produced by Propex Fabrics of Ger-
many. A balanced twill-weave prepreg fabric of polypropylene
(PP) was processed by a heat compaction technique to produce
consolidated SRPP sheets with 0.9 g/em® density. Reinforcements
and the matrix of SRPP were made of a semicrystalline PP. The
thickness of consolidated SRPP blanks was 1 mm. The tensile
strength and strain to failure of SRPP were 120 MPa and 20%,
respectively [26]. Flexural modulus of the material was reported
to be 3500 MPa by the manufacturer.

2.2 Experimental Setup. To clearly reveal the effect of fiber
orientation on the formability and incorporated failure mecha-
nisms in SRPP composite, two different sets of experiment were
conducted. Initially, uniaxial extension on [0 deg,90 deg] and
[45 deg,—45 deg] rectangular samples was carried out. This was
accomplished by uniaxially stretching specimens by an INSTRON
machine. The test procedure and specimens’ specifications con-
formed to ASTM D3039 standard for polymer matrix composite
materials. Prior to the test, samples were painted by a stochastic
pattern of black dots on a white background required for the 3D
photogrammetry measurements through the aramis system. The
ARAMIS system was made of two high-speed CCD cameras
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capturing images from specimen during deformation. By employ-
ing a built-in 3D mapping algorithm [27], the AramIS system cal-
culated displacements and induced strains in specimens. After
painting, specimens were fixed between the INSTRON grippers,
facing toward the CCD cameras. After initiation of extension by
the INSTRON machine, the Aramis system continuously captured
deformations on samples, resulting in calculation of different
components of strain tensor (normal and shear) during uniaxial
extension. The test setup for uniaxial extension is shown in Fig. 1.
The specifications of the Aramis system are represented in Table 1.
The load cell of the INSTRON measured the applied load until
the catastrophic failure of the specimen depicted by 20% drop of
the load.

Second set of experiment was conducted by stretch forming of
[0 deg.90 deg] and [45 deg,—45 deg] specimens. This experiment
was designed to elucidate the effect of fiber orientation on the
formability and induced deformation modes in SRPP composite.
The rectangular specimens employed in stamp-forming process
were cut out from initially circular blanks. The geometry and
dimensions of these specimens are depicted in Fig. 2 and Table 1,
respectively. The stretch-forming process was accomplished by a
300 kN custom-build stamping press equipped with a 100 mm in
diameter hemispherical punch and a 105 mm open die. The con-
figuration of the press, the die, the specimen, and the ARAMIS sys-
tem during stretch forming is shown in Fig. 3. Data acquisition
and press parameters control (feed rate and punch displacement)
were accomplished through a local personal computer. A load cell
was also employed to measure the punch force versus displace-
ment of the punch. Six M12 bolts were used to completely fix rec-
tangular specimens in the fixture, enforcing a fixed boundary
condition on the two opposite edges of the sample, while the other
two were free. The full circumference of the circular specimen
(W200) was completely clamped in the lock ring.

The forming procedure was initiated by locating the specimen
and the blank under the press and forming specimens by the hemi-
spherical punch with a 10 mm/s feed rate up to the failure. Occur-
rence of failure was specified by a sudden drop in the punch load.
The shutter speed of CCD cameras was selected to 20 frames per
second resulted in taking approximately ten pictures of the
deformed specimen for each 5mm depth of punch downward
displacement. Setup parameters used to capture images with the
ARAMIS system are depicted in Table 2.

2.3 FLD and FLC. The FLD is a graphical illustration of
forming behavior of sheets. It commonly consists of major and
minor strains induced in specimens during various stages of defor-
mation. Generally, a forming process is facilitated through

et o .

=
-

Fig. 1 Test setup of uniaxial extension of [0 deg,90 deg] and
[45 deg,—45 deg] SRPP specimens
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Table 1 Width of SRPP samples employed in this study
Specimen W (mm)
Wi12.5 12.5
W25 25
W50 50
W75 75
W100 100
Wi125 125
w150 150
W200 200

different deformation modes. Each deformation mode is high-
lighted by a different strain ratio (SR), calculated by the ratio of
minor to major strains induced in the specimen during forming
(Table 3 and Fig. 4).

A FLC is a curve established on the FLD of specimens prior to
failure (Fig. 4). The FLC distinguishes between safe and failed
regions during deformation by specifying major and minor strains
prior to failure. To construct a full-field FLD and to develop the
FLC for the material under investigation, the effective forming
parameters were changed to induce different deformation modes.
In this article, the change of specimen’s aspect ratio induced de-
formation mode ranging from biaxial stretch to uniaxial extension.
To exhibit forming behavior of SRPP between shear and wrin-
kling modes, [45 deg.—45 deg] specimens were employed.
Outcomes of forming experiments on [0 deg90 deg] and
[45 deg,—45 deg] SRPP samples revealed the full-field forming
behavior of a PP-based WTPCM ranging from SR=-+1 to
SR = -2, constructing its full-field FLC.

3 Results and Discussion

To understand clearly the effect of fiber orientation and differ-
ent deformation modes on the forming behavior of a WTPCM,
initially results of uniaxial extension on [0 deg, 90 deg] and
[45 deg,—45 deg] woven SRPP specimens are introduced. The
failure morphologies in these specimens are studied and the effect
of induced deformation modes and fiber orientation on failure
onset is discussed. Afterward, forming response of SRPP speci-
mens possessing different aspect ratios is investigated and the
effect of a woven microstructure on SRPP formability is

\
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Fig. 2 Geometry of SRPP specimens employed in stretch
forming
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Fig. 3 Test setup for stretch forming of SRRP

Table 2 Specifications of the aramis

Parameter Specification

1280 x 1024 pixels
24 Hz
[0.1ms,2s]
0.05-100%
0.02%

Camera resolution
Maximum frame rate
Shutter time

Strain range

Strain accuracy

clucidated. The strain evolutions in different specimen are com-
pared. Finally, a FLD, inspired from metal forming, is constructed
to reveal the failure limits of SRPP and the dependency of failure
mechanism to the induced forming modes.

3.1 Failure of Preconsolidated SRPP During Uniaxial
Extension. Studying uniaxial and bias extension tests plays an
important role in revealing the effect of different deformation
modes in the forming and failure behaviors of SRPP composite
during a stamp-forming process. This is due to the elimination of
highly complicated contact phenomenon in a uniaxial extension
experiment. There are substantial differences between mechanical
responses and failure morphologies of [0 deg,90 deg] and
[45 deg,—45 deg] specimens, signifying the contribution of differ-
ent mechanisms in deformation of preconsolidated SRPP samples.

The numerous mechanisms contributing in forming and failure
behaviors of the preconsolidated SRPP can be better understood
by versatility of failure morphologies depicted in Figs. 5 and 6.
Specimens possessing [0 deg.90 deg] fiber orientations mainly
failed due to fiber rupture and debonding between fibers and the
matrix exhibited by the jagged surface of fractured area.

Table 3 Induced deformation modes during forming
Deformation mode SR
Biaxial stretch +1
Plane strain 0
Uniaxial extension -0.5
Shear -1
Wrinkling -2
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Fig.4 Induced deformation modes in forming

Fibre rupture Buckling of a

/ debonded warp yarn

Excessive debonding
between Warp and weft

Yarns\

Delamination

Shearing between
yarns and matrix

Fig. 5 Incorporated failure mechanisms in uniaxial extension
of [0 deg,90 deg] SRPP specimens

Disentanglement between warp and weft yarns can also be
observed. Furthermore, the failure has propagated across the sur-
face of the specimen, affecting areas far away from fracture site.
This can be observed by the pull-out and buckling of warp yarns
after catastrophic failure of highly drawn PP fibers in the woven
structure.

Figure 6 represents failure mechanisms observed in the
[45 deg,—45 deg] specimen, signifying the fundamental differen-
ces between [0 deg,90 deg] and [45 deg,—45 deg] specimens: The
failure is concentrated over a very small region around the frac-
tured area, without affecting other regions. The fractured site is

Necking
Sl

Fig. 6 Incorporated failure mechanisms in uniaxial extension
of [45 deg,—45 deg] SRPP specimens (bias test)
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depicted by the gradual decrease in the specimen’s width from
both ends toward the ruptured area. It is a resemblance of necking
phenomenon in metals, although the underlying mechanism is
completely different. This is caused by a different forming and
failure mechanism: Formability of preconsolidated woven
[45 deg.—45 deg] SRPP specimen is facilitated by trellising and
shear phenomena, resulting in the large amount of extension in
the composite without considerable stretching of fibers.

Interestingly, the necking phenomenon observed in
[45 deg,—45 deg] specimens is completely different to the form-
ing behavior observed in woven textiles and prepreg woven com-
posites during a bias test [28,29]. The prepregs and textiles show
an extended region in the middle of the [45 deg,—45 deg] sam-
ples, experiencing pure shear deformation without any localized
high strain. This is due to the significant difference between shear
stiffness of the unconsolidated and consolidated polymer resins.
Consolidation of the polymeric matrix in a woven composite
causes a significant increase in the shear stiffness of the resin
compared to low shear stiffness of the woven fabric. Therefore, in
a prepreg woven composite the bias behavior is dominated by
shear behavior of the fabric. However, in a preconsolidated woven
composite it is dominated by the shear behavior of the matrix.
This is in complete agreement with previous studies on [45
deg,—45 deg] woven composites during bias extension [30].

The shear strength of the matrix restricts the extension of the
[45 deg,—45 deg] coupon test, resulting in the rupture of the sam-
ple due to shear failure in the matrix. This is clearly observed by
the excessive disentanglement between warp and weft yarns near
the failure region, elucidated through the portion of unaffected
longitudinal yarns which remained intact after failure of the speci-
men (Fig. 6).

Microscopic failure morphologies, as shown in Fig. 7, exhibit a
fundamentally different failure mechanisms incorporated in exten-
sion of [45 deg,—45 deg] specimens. These morphologies include
multiple transverse and longitudinal cracks and shear of the
matrix as the main failure modes. In contrast to extensive fiber
rupture in on-axis specimens, branching of yarns was dominantly
observed in textile reinforcement during the bias test. Figure 7(a)
exhibits failure in longitudinal yarns due to bending effects caused
by the undulation of yarns during extension. This phenomenon
has resulted from interactions between interlacing yarns and
excessive distortion of reinforcement due to trellising effect.
Figure 7(h) represents multiple parallel longitudinal and trans-
verse cracks, resulting in branching of yarns. The fiber kinking is

Fig. 7 Microscopic failure modes during bias extension test
(x10)
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also visible in this image. Figure 7(c) shows the appearance of
hackles between split sections of a yarn due to mode (I) of
fracture.

3.2 Force-Displacement Evolution During Forming.
Figure 8 illustrates the force—displacement of typical SRPP
specimens during forming possessing different fiber orientations.
These diagrams indicate a nearly linear relation between force and
displacement in narrow [0 deg,90 deg| samples shifting toward a
parabolic dependency in wider samples. This is due to
different  imposed boundary conditions resulting in a
combination of stretching and drawing modes. Another significant
behavior of SRPP composites is related to the sudden change of
force—displacement diagrams between [0 deg,90 deg] and
[45 deg,—45 deg] specimens. Forming depth of [45 deg,—45 deg]|
samples was increased extremely, showing highly increased form-
ability of the material due to a change in fiber orientation. This
shows the superior capacity of SRPP to absorb the energy prior 1o
rupture. This specific behavior demonstrates the potential applica-
tion of [45 deg,—45 deg] SRPP where high-energy absorption
capability is required, such as bumper of cars, as depicted in Ref.
[31]. Furthermore, in producing components from SRPP a huge
amount of energy can be preserved if proper boundary conditions
are applied to restrict fiber extension prior to failure and to allow
forming by trellising. This saves the energy up to 50%, as
depicted by the surface area under force—displacement graphs of
[0 deg,90 deg| and [45 deg,—45 deg] samples.

The experimental forming outcomes elucidated the great
potential of a preconsolidated woven composite to achieve high-
forming depths while conserving the energy required for stamp-
ing, yel providing a balance between formability and strength.
This represents the significance of process design during stamping
of a woven composite and proper orientation of the fabricated
component. This can essentially affect the quality, strength, and
cost-effectiveness of the final product made from preconsolidated
composites, specifically in mass-production industries, such as the
automotive industry.

3.3 The Evolution of Principal Strains at the Pole. The SR.
defined as the ratio of minor to major strain, is a measure of form-
ability through characterizing the induced deformation modes in
specimens during the stamp forming. The evolution of SR at the
pole of a specimen (midpoint of the sample), as a typical surface
point establishing the initial contact with the punch, elucidates the
effect of forming parameters on the formability of the material. It
also reveals the effect of fiber orientation in induced deformation
modes. Figure 9 elucidates the strain path of the pole in [0 deg,90
deg] and [45 deg,—45 deg] specimens through the variation of SR
parameter. The induced deformation modes, varied by specimens’
aspect ratios, included biaxial strain, plain strain, and uniaxial
strain in [0 deg.90 deg] specimens and mainly shear deformation
mn [45 deg,—45 deg] samples. The effect of different stages of

2
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+W50-0,90
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W25-4545
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Fig. 8 Force-displacement of [0 deg,90 deg] and [45 deg,—45
deg] specimens

Journal of Manufacturing Science and Engineering

deformation, from clamping of specimens in the die to different
contact conditions between the punch and the blank, is clearly
reflected in the strain path history of the pole.

The strain path in most specimens consists of three different
stages: (1) Initial stretch due to clamping in the die (lock ring
effect), inducing uniaxial stretch mode in specimens, (2) subse-
quent biaxial stretch (Nakazima effect) as a result of initial contact
between blanks and the hemispherical punch, and (3) main path of
deformation due to imposed boundary conditions, interaction
between orthogonal yarns, evolution in contact and the aspect
ratio of specimens. The effect of fiber orientation on the SR is
clearly reflected in these figures. In [0 deg.90 deg] samples, prin-
cipal directions coincide with fiber orientations and thus the mode
of deformation changes with specimens’ width. This includes
biaxial mode for full circular sample where the circumference is
fully clamped in the die and uniaxial extension associated with
the thinnest sample. Other deformation modes are located
between these two extremes. However, in [45 deg,—45 deg] speci-
mens, only two modes of deformation dominate forming behavior
of SRPP: shear mode and biaxial mode. The imposed boundary
condition enforces the two largest specimens, W150 and W200, to
exhibit biaxial stretch during all stages of deformation. The shear
deformation mode is the dominant deformation mode in other
specimens resulted from a large number of free yarns. This defor-
mation mode causes unclamped yarns to freely trellis over their
pin joints.

The effect of fiber orientation and imposed boundary conditions
on forming of SRPP is distinctly reflected in the evolution of the
SR depicted in Fig. 9. Some conclusions can be drawn from this
figure: First, the maximum permissible major and minor strains in
[45 deg,—45 deg] specimens are vastly expanded. Considering the
low extensibility of PP fibers, the underlying mechanism of the
extended formability should be intra-ply shear. Furthermore, [0
deg,90 deg] specimens exhibited a wavy strain path while
[45,—45 deg] specimens followed a monotonic, yet smoother
strain path. To explain this behavior, the applied boundary condi-
tion on both ends of orthogonal yarns passing through the pole of
[45 deg,—45 deg] specimen should be considered. Both ends of
these yarns in [45 deg,—45 deg] samples are free and do not expe-
rience undulation during forming. Reduced internal friction
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Fig. 9 Strain evolution at pole during stretch forming of SRPP
specimens
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between warp and weft yarns in [45 deg,—45 deg] samples is
another effective parameter.

Yarns oriented along a 45 deg axis do not stretch during stamp-
ing: therefore the slippage between yarns does not occur. On the
other hand, both ends of longitudinal yarns in [0 deg,90 deg] sam-
ples are fixed in the lock ring. During stretch of the specimens,
they tend to undulate excessively, resulting in the large increase
of contact pressure between interlacing yarns. This causes the
roll-over of fibers within a yarn bundle and slippage of yarn bun-
dles over each other, exhibiting a wavy path of deformation
revealed by the high sensitivity of the Aramis system. The high-
contact pressure also changes the cross section of elliptical yarns
by affecting their eccentricity (or flattening) ratio and therefore
changes the bending stiffness of the preconsolidated composite
during forming. The effect of forming parameters in failure mech-
anism of [0 deg,90 deg] and [45 deg,—45 deg] specimens will be
discussed later.

3.4 Construction of the FLD. FLD was employed to deter-
mine the induced deformation modes in specimens during differ-
ent stages of deformation. To construct a FLD, the blanks were
deformed through different forming modes up to fracture. Varia-
tions in applied boundary conditions and specimens’ aspect ratios
resulted in different deformation modes, affecting the formability
of the material. The last stage FLD for [0 deg,90 deg] SRPP speci-
mens is shown in Fig. 10.

FLD at the last stage of deformation exhibits the ultimate per-
missible strain of SRPP in different regions of strain space. Figure
10 demonstrates explicitly the range of induced deformation
modes, located between biaxial stretch and uniaxial deformation
modes. The failure strain of SRPP predicted by the proposed
method maintains a constant value throughout the aforementioned
deformation modes and is validated by the maximum strain crite-
rion of fibrous composite. This value corresponds to the maximum
permissible strain of [0 deg.90 deg| specimens (18 £ 2%) during
uniaxial extension. Hence, for the region between biaxial stretch
and uniaxial extension, a primary failure limit can be established
based on limiting strain of fibers:
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Fig. 10 FLD and marginal FLC of [0 deg,90 deg] SRPP speci-
mens prior to rupture
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where &g depicts the maximum permissible strain in highly drawn
PP fibers (=18 % 2%), and &; represents induced strain in fibers
during forming. ISR is the abbreviation of instantaneous strain
ratio. The failure criterion depicted by Eq. (1) states that the SRPP
woven composite fails if the three following conditions are
fulfilled simultaneously:

(1) instantaneous strain ratio lies between —0.5 and +1

(2) minor strain is greater than —8%

(3) induced strain in the fiber is greater than the failure strain
of highly drawn PP fibers (18%)

The main difference between the proposed failure criterion and
the maximum strain theory is that the former considers the com-
bined effects of fiber strain, deformation mode, and strain history
in determination of failure in the composite. The path/history
dependency of this criterion is depicted in instantaneous strain ra-
tio condition (ISR). The proposed procedure is an accurate mea-
sure for predicting failure in a woven composite as it considers
the combined strain interactions in complex forming procedures
through the induced SR. Based on calculated FLC, it is rational to
conclude that the main failure mechanism of preconsolidated
[0 deg,90 deg] SRPP specimens during stretch forming is fiber
fracture. The validity of this prediction is validated by the visual
observations of a typical failed specimen (W200) as depicted in
Fig. 11.

Different locations on the ruptured surface of W200-[0 deg,
90 deg] SRPP specimen are chosen to consider all possibilities of
failure mechanisms. Figures 11(«) and 11(h) exhibit yarn break-
age and multiple cracking of yarns resulted from excessive exten-
sion of fibers, respectively. Figure 11(¢) shows failure in bending
and splitting of yarns as the sample conformed to the punch curva-
ture. Figure 11(d) represents forming of hackles during yarn
disentanglement. All these evidences validate the previous con-
clusions drawn on the main failure mechanism in [0 deg.90 deg]
specimens. This is also in complete agreement with failure mor-
phologies observed during uniaxial extension of [0 deg.90 deg]
specimens (Fig. 6). It should be emphasized that the appearance
of some points over the proposed failure limits of [0 deg,90 deg]
SRPP, as depicted by the FLD in Fig. 11, is caused by two
reasons: (1) change in the path of deformation (Fig. 9). This
behavior also emphasizes on the path/history dependency of the
proposed failure criterion. (2) High sensitivity of the Aramis
system in capturing localized strains in resin-rich regions. This
phenomenon demonstrates heterogeneous nature of the woven
composite.

Figure 12 exhibits last stage FLD of different [45 deg,—45 deg]|
specimens. It is clearly evident that the majority of surface points
follow the shear deformation mode. Furthermore, major strains
along positive direction and minor strains along negative direc-
tions are much larger in magnitude compared to [0 deg,90 deg]|
specimens. Some significant discussions can be made on the FLD
of [45 deg,—45 deg] specimens:

¢ Completely fixed boundaries of wider specimens enforced
fibers to be stretched in both directions, leading to fiber frac-
ture as the dominant mode of failure (more specifically
observed in [0 deg,90 deg] specimens).

Decreasing the width of specimens shifted the FLD toward
more negative minor strains. This was caused by the change
of boundary conditions due to the change of specimens’
aspect ratios. This allowed transverse yarns to rotate freely
around their pin joints, producing high-compressive stresses
between adjacent yarns and thus results in an increase of
induced minor strain.

Capability of thinner specimens for trellising and therefore
sustaining large shear strains without failure resulted in
higher minor strains prior to failure. This caused the FLD of
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Fig. 11 Failure in W200-[0 deg,90 deg] SRPP specimen during stamp forming

thinner specimens to be located mainly around shear defor-
mation modes, experiencing large major and minor strains.

* By allowing the preconsolidated woven composites to experi-
ence shear deformation during forming, its formability can be
largely extended.

It is interesting to mention that the maximum major strains
induced in the majority of [45 deg,—45 deg| specimens are well
beyond the failure strain of PP fibers. This insists on the fact that
the fiber rupture, in contrast to [0 deg.90 deg| specimens, is not
the main cause of failure in [45 deg,—45 deg| specimens. To
investigate the validity of this assumption, two different method-
ologies are adopted:

(1) a modified FLC to determine the induced strains in fibers
versus induced deformation modes in the composite during
forming

(2) microscopic observations of failure in [45 deg,—45 deg]
specimens

To measure the induced strains in reinforcements of [45 deg,
—45 deg] specimens, the current FLD should be modified accord-
ingly. In the modified FLD, proposed for the first time in this arti-
cle for the composite materials, induced strains in fibers are
plotted against the induced deformation modes. This procedure
captures the actual strains of reinforcements as a function of
induced deformation modes. The outcomes of this investigation
reveal the effect of SR on the maximum induced strain along
fibers prior to the rupture of the composite.

To calculate the induced strain in warp and weft reinforcements
accurately, initially the strains along X and Y directions were cal-
culated (Off axis to fibers and along length and width of speci-
mens as depicted in Fig. 13). A tensor transformation was applied
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Fig. 12 FLC of [45 deg,—45 deg] SRPP specimens
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to calculate strains along £45deg angles, corresponding to the
initial position of reinforcements. According to the calculated
shear strain, the angle of rotation and therefore the new orientation
of fibers were calculated in each stage of forming process. In the
next stage, the same procedure was followed and incremental
strains in fibers were calculated based on the updated configura-
tion of the composite. Finally, the total strains in fibers at the last
stage of deformation were calculated based on incremental defor-
mations. The deformation modes at each stage of forming process
were calculated by dividing minor to major strains. After
determination of fiber’s strain and induced deformation mode,
they were plotted against each other to obtain the new FLC for
[45 deg,—45 deg] SRPP specimens.

The results of applying an incremental procedure in capturing
the actual strains in [45 deg,—45 deg] woven specimens are repre-
sented in Fig. 15. Two horizontal bold lines in this figure depict
failure limits of the preconsolidated SRPP based on uniaxial
extension outcomes. The maximum strain in fibers exhibits high-
est value in biaxial stretch region (0.5 <SR < 1) indicating the
initiation of fiber rupture. The decrease in SR causes a significant
drop in the maximum strain induced in fibers prior to failure of
SRPP. Figures 12 and 14 clearly demonstrate that by moving from
SR of +1 toward SR of —1, the maximum major strain and there-
fore the formability of the composite is increased significantly

Fixed edge

+45, -45 fibre orientation

Fixed edge

Fig. 13 Convective coordinate attached to [45 deg,—45 deg]
specimens during forming for calculation of strains in the fibers
based on incremental deformation
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45 shear
angle

Fig. 15 Failed W25-[45 deg,—45 deg] SRPP specimen during
stamp forming

without fibers being stretched further. This behavior elucidates
the underlying reason for the increased formability of [45 deg,
—45 deg] SRPP specimens compared to [0 deg,90 deg] samples as
observed in Fig. 8. It also shows that fiber fracture is not the domi-
nant failure mode of SRPP during some deformation modes,
mainly in the second quarter of strain space.

In Fig. 14, failure region predicted by maximum strain criterion
is compared with the failure indicator proposed in this study. The
predicted failure limits predicted by maximum strain is specified
by the horizontal red bold line intersecting with vertical axis at
18% strain. It shows that the maximum strain criterion can accu-
rately predict failure of SRPP between SRs of —0.2 and +1. How-
ever, it overpredicts the failure limits for the SRs less than —0.2.
The proposed failure criteria in this study can more accurately
predict failure in SRPP specimens due to considering both the SR
and fiber strains in specifying failure limits. In other words, the
proposed FLD considers the effect of both principal strains in
maximum fiber strains prior to failure.

Microscopic and macroscopic images of failure in [45 deg,
—45 deg] specimens more clearly demonstrate a different failure
morphologies compared to [0 deg,90 deg] samples (Figs. 15 and
16). The observed ruptured surface of W25-[45 deg,—45 deg]
clearly demonstrates occurrence of failure in the specimen. How-
ever, unlike [0 deg.90 deg| samples. no brushy surface is observed
and yarns are not disentangled. The 45 deg angle of the failed sur-
face highlights the shear failure between yarns and the matrix.

Fig. 16 Failure in [+45 deg,—45 deg] W75 SRPP specimen dur-
ing stamp forming

There are also some evidences of delamination at the edge of the
specimen, exhibiting interlaminar shear between different com-
posite laminates. These failure incidences show a different failure
morphology in [45 deg,—45 deg] specimens compared to [0 deg.
90 deg] samples during stamp forming.

Interestingly, no clear failure phenomena can be observed in
macroscopic image of stamp formed W75-[45 deg,—45 deg] speci-
men (Fig. 16). However, the significant drop of the force observed
during the last forming stage (Fig. 9) explicitly indicates the onset
of failure in this sample. Delamination at the edge caused by inter-
laminar shear seems to be the dominant cause of failure. Disentan-
glement between warp and weft yarns is also evident on the
surface of the sample. These evidences imply the occurrence of
shear failure between the textile and the matrix. However, no evi-
dence of yarn rupture, leading to catastrophic failure, can be
observed. These observations support the previous predictions
made by the modified FLC. These evidences prove that failure in
[0 deg.90 deg] and [45 deg,—45 deg| preconsolidated SRPP speci-
mens is driven by two fundamentally different mechanisms.

Finally, due to specific behavior of [45 deg,—45 deg] SRPP
specimens, the failure criterion for the deformation modes
between uniaxial extension and shear mode can be expressed as
(Fig. 13)

If — 1 <ISR < —0.5 and eminor < —8% =
1.5 X éminor + 0.05

Emajor
By

(2)

Equation (2) explicitly determines the failure limits of SRPP in
shear region as a function of principal strains, the instantaneous
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Fig. 14 Modified FLC for [45 deg,—45 deg] SRPP specimens
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deformation mode prior to failure and deformation history. There-
fore, the second introduced failure criterion states that the precon-
solidated woven SRPP composite fails if the three following
conditions are simultaneously satisfied:

(i) Instantaneous strain ratio is located between —1 and —0.5

(i) Minor strain is less than —8%

(iii) Major strain reaches the critical value of (—1.5 X &pinor
+0.05)

By employing the two resultant failure criteria (Eqs. (1) and
(2)), the failure limits of the preconsolidated woven SRPP through
a wide range of deformation modes can be calculated.

4 Conclusions

The experimental work undertaken in the current research com-
prised of uniaxial extension and stretch forming of [0 deg.90 deg]
and [45 deg,—45 deg] preconsolidated SRPP specimens possess-
ing different aspect ratios. The characterization results and failure
morphologies in [0 deg,90 deg] and [45 deg,—45 deg] specimens
during uniaxial extension revealed different deformation mecha-
nisms and failure morphologies in SRPP composites, influenced
by the fiber orientation. The macroscopic and microscopic failure
observations in these samples highlighted the interaction effects
between the two orthogonal interlacing yarns of the preconsoli-
dated woven composite.

Stretch-forming studies revealed the capability of preconsoli-
dated SRPP to be formed into complex geometries. The effective
change in deformation path, by a proper combination of boundary
condition, aspect ratio, and fiber orientation, results in extensive
forming depths and flawless products. The results of 3D photo-
grammetry technique on stretch forming of SRPP elucidated the
safe deformation margins of the preconsolidated SRPP during dif-
ferent deformation modes through constructing a FLD. Based on
the results of stretch-forming experiments on [0 deg,90 deg] speci-
mens, it was shown that failure of SRPP can be accurately predicted
in the region located between biaxial stretch and uniaxial extension
modes by the maximum induced strain along the fibers. The failure
of the composite specimens between these regions was character-
ized by a modified maximum strain theory, presented in this article,
considering the mutual effects of deformation path and SR.

Forming experiments on [45 deg.—45 deg] samples demonstrated
that shear deformation enhances formability of the material consider-
ably by expanding its failure limits up to 100%. It was concluded
that the increase in failure limits of the preconsolidated SRPP is de-
pendent to the induced deformation mode in the composite. To cal-
culate failure limits of SRPP in shear region, a criterion
incorporating principal strains and strain path was proposed. These
path/history-dependent failure criteria are proposed for the first time
to fill the gap for the lack of an accurate and trustworthy failure mea-
sure on woven composites. To elucidate the different failure mecha-
nisms during stretch forming of [0 deg, 90 deg] and [45 deg,—45
deg] specimens, a new FLD applicable to [45 deg,—45 deg] compos-
ite specimens was proposed and constructed. The outcomes showed
that interlaminar shear between the plies of the composite and shear
between the matrix and the woven structure are the main mecha-
nisms of failure in [45 deg,—45 deg] samples.
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Chapter 5

A comparison between forming behaviours of
two woven thermoplastic composites

In previous chapters formability of a pre-consolidated self-reinforced polypropylene
composite was investigated. SRPP specimens with different fibre orientations and aspect
ratios were stretch formed to study failure of the composite under a wide range of
deformation modes. In the current chapter, a benchmarking study was conducted to
compare formability and failure of woven composites reinforced with different textile

materials.

For the purpose of the comparison, two woven thermoplastic composites were selected:
a self-reinforced polypropylene composite (SRPP) and a glass-fibre reinforced
polypropylene composite (GRPP), both with a 55% fibre volume fraction. Composite
specimens with different aspect ratios were stretch formed in a die equipped with a built-
in lock ring system using a 100 mm diameter hemispherical punch head. Loads and
displacements of the punch head was measured using a load cell and a linear transducer,
respectively. Deformations were recorded by an in-situ three-dimensional photogrammetry
system using a Digital Image Correlation (DIC) technique (ARAMIS). Strains and their
evolutions on the surface of specimens were calculated using built-in algorithm of the
ARAMIS. Varying dimensions and the imposed boundary conditions caused specimens to
fail under different deformation modes. Distinct properties of reinforcements used in the
two composites induced different failure mechanisms in GRPP and SRPP composites under

similar forming conditions.

For this study, 16 different pre-consolidated specimens of each composite were formed

into a double curved surface by a hemispherical punch. The strain evolutions at three
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different locations on surface of specimens were recorded and compared: Pole (intersection
of symmetry axes of samples), a point along the horizontal axis with 30 mm distance from
the pole and a point on an orthogonal 45° axis 30 mm away from the pole. Evolution of
strains revealed three different stages of deformation based on contact conditions between
samples and the punch: (1) lock-ring stage caused by fixing specimens in the lock ring
which induced a deformation mode as a function of the width and Poisson’s ratio of
materials. In narrow samples, the induced deformation mode was close to uniaxial
extension while by increasing the width, deformation mode moved toward biaxial stretch,
(2) Initial contact stage caused slightly different deformation modes in samples due to
localised deformation in samples. The deformation mode was a function of aspect ratio and
stiffness of the materials, and (3) Final contact induced distinctly different deformation
modes dictated by the aspect ratio of samples, boundary conditions and the punch
geometry. Differences between strain paths at the pole of SRPP and GRPP composites were

associated to their dissimilar material properties.

The experimental results revealed that mechanical properties of reinforcements have
pronounced effects on formability and failure behaviour of woven composites. The site of
fracture was studied using an optical microscope to elucidate the different failure
mechanisms between the two woven composites. It was found that the main mode of failure
in a GRPP composite is fibre fracture while failure in SRPP is a complex phenomenon

involving different failure mechanisms.

Major findings of this manuscript can be summarised as:

e GRPP composite is highly sensitive to the strain path and as such its
formability can be greatly increased by a drastic change in the strain path,
e SRPP composite is less sensitive to strain path and its formability can be

enhanced by a change in the deformation mode,
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Major forming mechanism resulting in higher forming depth in GRPP is
trellising of the woven reinforcement as opposed to matrix shearing in SRPP,
SRPP composite can sustain large deformation before catastrophic failure
event while GRPP composite experience gradual fracture of fibres during
deformation leading to total failure of the composite at the last stage of
deformation,

A combination of aspect ratio, fibre orientation and boundary condition can be
used to enhance formability of woven composites in pre-consolidated state by

hampering premature failure event due to fibre fracture.
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Abstract

This paper presents the results of an investigation on stretch forming behaviour of two consoli-
dated woven thermoplastic composites: a self-reinforced polypropylene (SRPP) and a glass-fibre
reinforced polypropylene (GRPP) composite. A custom-built press with a hemispherical punch
was employed to deform composites’ specimens possessing different aspect ratios into an open
die. The induced strains on the outer surface of specimens were measured continuously through
two high speed, high resolution CCD cameras by employing a Digital Image Correlation (DIC) tech-
nique. The strain paths at three different locations on the surface of specimens were compared to
elucidate the effect of fibre and matrix on the formability of a woven composite. The fractured
surface of specimens was investigated to reveal the effect of fibre mechanical properties on failure
morphologies in woven composites. It was found out that the main mode of failure in GRPP is fibre
fracture while observed failure morphologies in SRPP were a complex combination of different
failure mechanisms. It was revealed that the combination of applied boundary conditions and
specimen’s width determines the effective forming mechanisms.

Keywords

Woven Composite, Stamp Forming, Self-Reinforced Polypropylene, Glass-Fibre Reinforced
Polypropylene, Failure

1. Introduction

Anthropological climate changes, excessive exploitation of fossil fuels and weight reduction of products are
main drivers behind extensive research on finding new material systems. Automotive industry has been conti-
nuously cited as one of the major contributors of the human interventions on the environment [1]. The global
automotive market, already passed 1 billion fleets in service with an annual increase of 77 million cars, accounts
for 40% of fuel consumptions and 27% of CO, emissions worldwide [1] [2]. On average, each car consumes 7
I/km petrol and emits 136 g/km CO,. A weight reduction of 100 kg results in 5% saving in fuel consumption and

How to cite this paper: Zanjani, N.A. and Kalyanasundaram, S. (2015) A Comparison between Forming Behaviours of Two
Pre-Consolidated Woven Thermoplastic Composites. Journal of Materials Science and Chemical Engineering, 3, 180-189.
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4.5% reduction in CO, emissions for every 100 km of transportation [3]. These figures necessitate reducing
weight of vehicles by employing lighter material systems to address environmental footprint issues while
achieving higher efficiency and cost reduction targets.

Woven Thermoplastic Composite Materials (WTPCMs) offer attractive properties including very low specific
density, improved impact resistance, higher fatigue durability and ease of manufacturing [4] [5]. Moreover, they
benefit from a unique polymeric structure that allows them to be re-melted and re-shaped after initially consoli-
dated. These properties make them suitable candidates to be employed in the automotive industry to address
sustainability and recyclability issues. However, the current manufacturing techniques applied to composites,
such as moulding and hand lay-up, has suppressed their widespread application due to the complex and la-
bour-intensive nature of manufacturing processes. Substitution of the current manufacturing techniques with
more efficient methods encourages adopting woven composites in mass production industries to address envi-
ronmental issues and achieve weight reduction targets.

Stamp forming has been extensively studied and applied on metals [6]-[8]. This manufacturing method em-
ploys a press equipped with a punch, a die and a blank holder system to deform sheets into desired geometries.
Advantages of stamp forming in manufacturing parts include cost-effectiveness, high production rate and preci-
sion manufacturing. Although stamp forming of woven prepregs has been studied in numerous works [9]-[11],
formability of pre-consolidated WTPCMs, as a current research initiative [12]-[18], still requires extensive in-
vestigations. The current article studies stamp forming of two pre-consolidated woven thermoplastic composites:
a self-reinforced polypropylene composite and a glass-fibre reinforced polypropylene composite. Specimens
possessing different geometries were stamp formed via a hemispherical punch in an open die. Evolution of prin-
cipal strains and their distributions on the surface of samples were measured through an optical strain measure-
ment system. The strain paths at three different locations were studied to reveal the effect of fibres and the ma-
trix on the forming behaviour of a woven composite. Finally, different fracture morphologies in the two
WTPCMs were compared and the underlying causes for this behaviour was discussed and then validated based
on force-displacement curves of different specimens.

2. Experimental Procedures
2.1. Materials Systems and Specimen’s Geometries

The two WTPCMs employed in the current study were constituted of an identical matrix reinforced by two dif-
ferent textile materials: a self-reinforced polypropylene composite (SRPP) and a glass-fibre reinforced polypro-
pylene composite (GRPP). Figure 1 illustrates a closed-up view from the structure of the two consolidated
blanks made of these two material systems. The textile pattern of both composites was 2 x 2 twill weave struc-
ture. Both warp and weft yarns in the SRPP structure were straight, however one of the two orthogonal yarns in
GRPP composite was curved. The SRPP composite was made by OCV reinforcements Co. [19] from multi-
layered sheets of two structurally different polypropylene (PP) polymers stacked up together and consolidated
via a hot compaction technique developed initially at Leeds University [20]. The GRPP composite, constituted
from a single layer fabric of comingled glass fibre (GF) and PP fibre, was manufactured by Owens Corning Co.
[21]. The manufacturing process of GRPP included heating up the commingled GF/PP fabric well beyond melt-
ing point of the PP fibres followed by cooling down process under low pressure to manufacture consolidated
GRPP. A comparison between typical properties of the two woven composites is made in Table 1.

‘;r).“/mg""u )
fn=lufips i)y

(a) SRPP
Figure 1. SRPP and GRPP specimens.
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Table 1. Comparison between mechanical properties of the two woven composites [ 16] [18].

Mechanical properties SRPP GRPP
Density (z/em’) 0.92 1.3
Tensile modulus (GPa) 4 14
Tensile strength (MPa) 120 300
Flexural modulus (GPa) 35 12,5
Fibre volume fraction (%) - 55%

2.2. Geometry of Specimens

The specimens were cut-out from initially circular 200 mm in-diameter blanks. The samples” widths (W in Fig-
ure 2) varied between 25 mm to 150 mm in 25mm increments. An additional full circular specimen with 200
mm diameter was made to reveal forming behaviours of the two composites under biaxial stretch. The thickness
of all samples was I mm, General dimensions of specimens are shown in Figure 2. Each specimen is specified
by a CWN parameter in which C specifies the type of WTPCM (S for SRPP and G for GRPP), W is an abbrevi-
ation of the Width and N is a number specifying the width of the sample. For instance, SW50 and GW100
represent a SRPP sample with 50mm width and a GRPP specimen with 100 mm width, respectively.

2.3. Experimental Equipment and Procedures

The samples were initially painted by a stochastic pattern of black dot spray on a white paint background to pro-
vide sufficient contrast required for strain measurements. After specimens were dried, they were fixed in an
open die system. The die system was composed of upper and lower blank-holders by which the specimens were
fully clamped along their circular circumferences through a built-in lock-ring. Then they were deformed until
failure by a built-in press with 300 kN capacity equipped with a hemispherical punch. The applied force was
measured by a load cell. Dimensions and configuration of the forming equipment are shown in Figure 3.

The displacements and induced strains were continuously measured by two CCD cameras installed beneath
the open die (The ARAMIS) [22]. The strain measurement was started from the very early stages of the experi-
ment to capture the effect of lock-ring on the blanks and to measure the induced strains during deformation of
samples by the punch until failure. Fractured regions of specimens were examined through an optical microsco-
py system to elucidate different failure morphologies between SRPP and GRPP woven composites.

2.4, Deformation Modes in Forming

In a typical sheet forming practice different forming modes at different locations on the blank are induced.
These deformation modes facilitate forming of raw material into desired geometry by incorporating different
mechanisms during forming of the samples. It is a common practice to characterise induced deformation modes
by the ratio of minor to major strains. Typical forming modes in a stamping process include: 1-Biaxial stretch
(SR = +1) 2-Plane strain (SR = 0) 3-Uniaxial extension (SR = —0.5) 4-Shear deformation (SR = —1) 5-Wrinkling
(SR = -2). The graphical representation of different strain paths in a strain space is depicted in Figure 4, in
which vertical axis represents major strain and horizontal axis depicts minor strain. Generally, the forming path
in metals is constant and considered as proportional as it does not experience abrupt changes. However, due to
complex internal structure of woven composites, this hypothesis needs to be carefully investigated through ex-
perimental observations.

3. Results and Discussion

Results of stretch forming experiments on WTPCMs made of different textile reinforcements are discussed in
this section. Initially, strain measurements conducted by the 3D photogrammetry system at three points on the
surface of [0°, 90°] specimens are presented. The locations of these points are depicted in Figure 5. The Pole is
located at the intersection of horizontal and vertical symmetry axes of specimens, P1 is located X mm further
from the pole on the warp (longitudinal) fibres and P2 is located X mm away from the pole along the 45" orien-
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Figure 2. Dimensions of woven composite specimens.
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Figure 3. Configuration of stretch forming equipment and
measurement system.
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Figure 4. Main deformation modes during sheet forming.

tation. The value of X, dependent to the sample’s width, is mentioned later. These points are representative of
different forming behaviours of a WTPCM at different regions specified by different contact evolution, fibre

different deformation modes.

extension and shear behaviour and therefore elucidate formability of a pre-consolidated woven composite under
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Figure 5. Points of interest on WIPCM specimen.

3.1. Strain Path at Points of Interests

It is beneficial to examine different stages of deformations based on the contact conditions between samples and
the punch and to correlate between the evolution of strain path at the pole and the depth of deformation induced
by a hemispherical punch. Generally, three stages of deformation during stretch forming of a woven composite
can be distinguished (Figure 6).

1-Lock-ring effect (edge-effect): This stage is caused by the lock-ring system during clamping of specimens.
The gradient of the strain path and therefore the induced deformation mode is a function of specimen’s width
and the materials Poisson’s ratio. In narrow samples, the induced deformation mode is near to uniaxial extension
and in the widest sample it is close to biaxial stretch. The induced principal strains in this stage are very low
compared to the total strains induced by the punch due to comparatively low clamping torque applied to speci-
mens. 2-Initial contact: The mode of deformation induced in this stage is a function of specimen’s aspect ratio
and the material’s stiffness. In a woven composite with a relatively low stiffness (compared to metals), the in-
duced mode of deformation is near to biaxial stretch due to the localised contact between punch and the blank,
identical extension of both warp and weft yarns and the highly localised deformation and strain concentration
during contact with a hemispherical punch. 3-Final contact: At this stage, the biaxial stretch mode disappears
and the sample’s specific deformation mode, determined by the specimen’s aspect ratio and the punch geometry,
governs its forming behaviour. Due to the enforced boundary condition, the contact surface between the speci-
men and the punch along warp and weft directions are not identical and therefore friction force along warp is
more than of weft direction. However, increase of the forming depths results in a similar contact surface along
the two orthogonal directions and therefore causes a gradual shift in the induced deformation mode leading to
failure. This point is depicted by point C in Figure 6. Another factor, changing strain path after point C, is the
evolution of material properties by the applied strains. Figure 6 illustrates these stages of deformation in the
strain path of a typical WTPCM.

To represent different forming behaviours of SRPP and GRPP specimens, three specimens from each group is
selected: SW25, SW75, SW150, GW25, GW75 and GW150. It will be shown that a change in specimen’s width
alters the deformation mode under which the material fails (deformation mode in final stage of deformation).
This behaviour is caused by a combination of different phenomena: Larger specimens, possessing bigger mass,
have enough material to deform into the die cavity and therefore can potentially sustain larger forming depths.
However, increase in the width of samples causes the ratio of clamped length to the total circumference of the
sample enlarges and therefore the forming depths decrease due to the enforced boundary condition. The synergy
between these two factors makes a balance between draw and stretch behaviours of samples and therefore de-
termines the forming depth at which specimens fracture. Three different points on the surface of each SRPP and
GRPP specimens were selected to study behaviour of these materials under different forming mechanisms: Pole,
P1 and P2 (Figure 5). In this figure, X is equal to 10mm in W25 samples and 30mm in larger specimens. Pole is
located at the intersection of two symmetry axes of the specimens where warp and weft yarns intersect and
therefore determines the forming limits of the material under the influence of both orthogonal yarns. The beha-
viour of specimens at P1 is mainly influenced by the extension of the longitudinal (warp) yarns and P2 exhibits
the specimen’s formability under combined matrix shearing and fabric trellising mechanisms. Figures 7-9 com-
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pare forming behaviours of the two material systems at different depths of deformation in specimens possessing
25 mm, 75 mm and 150 mm widths, respectively.

In Figure 7, all three surface points of SW25 exhibit near to uniaxial extension mode, followed up by a near
to biaxial stretch mode during the lock-ring and initial contact stages of deformation. The final deformation
modes is located between uniaxial extension and plane strain modes, dictated by the contact between punch and
the sample counteracting Poisson’s effect in inducing negative minor strain along weft (transverse) direction.
The similarity between induced strain ratios at these three locations elucidates the insensitivity of the deforma-
tion mode in these SRPP specimens to the location. However, in the GRPP composite, the location of the points
shows a significant effect on the induced strain path. The final deformation mode at the pole initially follows a
uniaxial extension path which is abruptly changed to biaxial stretch. This behaviour is specific to woven compo-
sites reinforced with highly inextensible, brittle fibres: increase of punch penetration rises the contact pressure
between the blank and the punch leading to sudden localised fracture of glass fibres at the pole which changes
the strain path. However, at point P1, this behaviour is not observed due to a decreased contact pressure between
the blank and the punch at this location. At point P2, excessive shearing of the fabric (trellising) causes the strain
path at GW25-P2 (o follow shear deformation mode. The dissimilar strain path at point P2 in SRPP and GRPP
specimens profoundly highlights the fundamental differences between manufacturing processes of the two
composites and the different interface properties between fibres and the matrix leading to dissimilar mechanical
behaviours of the two woven composites.

The W75 specimens show completely different forming behaviours, compared to W25 samples, as a result of
having different aspect ratios (Figure 8). This is due to a completely different trend in the evolution of contact
surface between punch and specimens, resulting in a more distinguished difference between strain path at the
pole, P1 and P2. However, the gradient of the strain path at the final stage of deformation for the three points on
SW75 specimens is similar, in contrast to GW75 specimens, re-emphasizing the fundamental differences be-
tween the structures of the two WTPCMs.

All points on SW150 specimens show a biaxial stretch mode at the final stage of the deformation due to the
applied boundary conditions and specimens’ widths (Figure 9). However, in GW150 sample, the pole shows a
near to biaxial stretch mode until onset of localised fracture of glass fibres, while points P1 and P2 depict shear
deformation mode. However, point P2 shows much higher strains compared to all other points due to excessive
trellising of the glass-fibres, delaying the initiation of fracture in GRPP composite by hampering fibre extension.

3.2. Fracture of SRPP and GRPP Composites during Stretch Forming

Different strain paths and their evolutions in the two WTPCMs depict different formability characteristics of
these material systems under stretch forming conditions. This is resulted from different reinforcements, dissimi-
lar matrix-fibre interface and manufacturing processes applied to the two composites. In this section, the effects
of these parameters on failure morphologies of the two composites are investigated. Figure 10 and Figure 11

SW25 SWI150

Figure 10. Failure morphologies in SRPP specimens.
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Figure 11. Failure morphologies in GRPP specimens.

reveal optical microscopy results on two typical SRPP and GRPP samples, respectively. Longitudinal crack
growths and rupture of the yarns are observed in SRPP specimens. These phenomena show mode I of fracture or
tensile opening at the matrix-fibre interface. Delamination is another dominant failure mode in SRPP specimens.
Matrix thinning is also observed which can be regarded as a pseudo-plastic behaviour of the material. Trans-
verse cracks are developed through the thickness of the SRPP specimens. At some locations, fibre kinking is al-
so observed due to highly localised compressive strains.

On the other hand, the dominant failure mode in GRPP specimens is fibre fracture. The even fractured surface
of these specimens shows that fibre pull-out due to yielding of the material at the fibre-matrix interface has not
occurred and the failure sites predominantly exhibit a rough fractured surface on the GRPP composite due to its
brittle nature. Fracture is caused by inextensibility of glass fibres and its brittle behaviour. These microscopy
images show different failure mechanisms of the two WTPCMs: The SRPP failure is more complex than GRPP
as a result of complex interactions between reinforcement and the matrix, their identical mechanical properties
and fusion of fibres and the matrix at their interface. However, in a GRPP composite, inextensibility of glass fi-
bres and completely different mechanical properties of the reinforcement and the matrix makes the fibre fracture
to be the main reason of the failure. However, the strain path evolution of GRPP specimens reveals the gradual
onset of failure during conformity of the samples to the punch.

Studying force-displacement graphs of the two WTPCMs during stamping reveals the fundamental differenc-
es between the responses of these material systems to out-of-plane loading and re-emphasizes on the previous
assumptions on failure mechanisms of the two composites based on microscopy observations. Figure 12
represents stamping force (in kN) versus depth of deformation (in mm) of three different SRPP and GRPP spe-
cimen until failure. Depth of deformation for SRPP is generally twice as of GRPP composite, resulted from high
extensibility PP polymer fibres.

The force-displacement of SRPP shows a smooth, exponentially increasing trend with a gradual increase in
the material’s resistance to deform further. This behaviour can be related to the woven structure of the compo-
site in which the orthogonal yarns support each other during application of external loadings and the internal
friction between these yarns increases as the contact pressure between punch and the blank rises. A sudden drop
in force at the final stage of deformation is observed which indicates the catastrophic failure of the SRPP com-
posite. The aspect ratio of the SRPP composite does not affect the final depth of deformation drastically. The
GRPP response to external loadings is completely different: the aspect ratio greatly affects the forming depth
highlighting the stronger support of orthogonal yarns during stamping. The narrowest sample (GW25) deforms
up to the depth 15mm, while the largest GRPP specimen (GW150) deforms twice of GW25. Secondly, the re-
current decrease in the slope of force-displacement curve indicates the gradual fracture of the glass-fibres and
re-validates the precious assumption on the main cause of fracture in GRPP composite during stamp forming.
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4. Conclusions

Specimens of two consolidated woven composites possessing different aspect ratios were stretch formed with a
hemispherical punch. The induced deformations were measured through a 3D photogrammetry system and the
strains were calculated. Comparison between strain paths at different locations on samples revealed the follow-
ing fundamental differences between stamp-forming behaviours of the two composites:

+ Higher sensitivity of strain ratio and therefore induced deformation modes to the location in GRPP compo-
site compared to SRPP composite.

« Significant higher formability of GRPP composite under shear deformation mode.

+ Pure trellising of GRPP at 45" directions compared to more matrix shearing in SRPP.

+ Catastrophic failure of SRPP compared to gradual and localised fibre fracture of GRPP.

+ The combination of specimen’s width and applied boundary condition is a determinant factor on the forma-
bility of a woven composite.

The optical microscopy examination on the site of failure revealed the main cause of failure in GRPP compo-
site is fibre fracture while failure phenomena in SRPP composite is a complex mixture of different mechanisms
including fibre pull-out, shearing of the matrix and delamination. The different failure behaviours of the two
WTPCMs were well reflected in their force-displacement curves, re-emphasizing the effect of reinforcements’
mechanical properties on the failure mechanism of a woven composite. The investigations on forming of the two
consolidated woven composites show their great potential to be formed into different geometries through
stamping process and therefore to be employed in producing cost-effective, mass produced components.
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Chapter 6

Development of a nonlinear material model
for woven composites

In previous chapters, experimental forming studies were carried out to study forming
and failure behaviours of a consolidated woven SRPP composite under stretch forming
conditions. As a result, a strain-based failure model was developed to elucidate failure
envelope of the SRPP composite under a wide range of deformation modes. In this chapter,
characterisation experiments on a SRPP composite are conducted and a nonlinear
orthotropic material model is developed. Constitutive stress-strain relation is implemented
into an implicit numerical scheme to predict formability of the composite using a finite

element simulation.

The proposed numerical model is adopted to predict strain evolution of the composite
under different deformation modes. After confirming validity of finite element predictions
with experimental outcomes, the numerical model was employed to study the effects of
friction condition and mechanical property variations on formability and strain path of the
composite. It was shown that in narrow samples the Poisson’s ratio and friction coefficient
have major effects on the strain evolution on the surface of the composite. On the other
hand, shear stiffness and Young’s modulus have a detrimental impact on formability of

wider specimens.

In this chapter, a complete set of mechanical characterisation experiments were
conducted on consolidated woven SRPP composite. These tests included uniaxial and bias
extension tests using a universal testing machine, dynamic extensometers, and a 3D real
time strain measuring system. Characterisation experiments were conducted under ASTM

D3039 standard procedure designed for polymer matrix composite materials. Experimental
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outcomes were used to define material properties of the composite including Young’s
modulus, Poisson’s ratio and shear stiffness as functions of fibre strain. Due to highly
nonlinear behaviour of transverse to longitudinal strain of SRPP, the conventional
Poisson’s ratio was replaced with a novel definition based on an incremental deformation
theory. In the new definition of Poisson’s ratio, it is represented as the instantaneous

gradient of transverse to longitudinal strains during deformation.

The composite was modelled as an orthotropic, transversely isotropic material and all
independent material constants were defined as function of fibre strains. The
characterisation experiment results were used to develop constitutive stress-strain relations
for the SRPP composite. The material model was incorporated into a finite element
software (Abaqus/implicit) to predict stamp forming behaviour of SRPP composite under
different deformation modes. Numerical simulation was used to study the effect of material
properties and friction condition between punch and specimen on strain path at the pole of
specimens. Using numerical simulation results, the evolution of shear strain at different
depths of deformation was revealed and a profound understanding on the formability of a
woven composite was revealed. It was shown that shear deformation contributes

significantly in forming of a thin sheet made of a consolidated woven composite.
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Abstract

Characterisation experiments have been conducted on a woven self-reinforced polypropylene
composite (SRPP) including uniaxial and bias extension tests. Outcomes of these experiments
were employed to develop a non-linear orthotropic material model within an incremental defor-
mation framework. The material model of the woven composite was implemented into a finite
element simulation to predict stretch forming behaviour of SRPP specimens. The predicted strain
paths at the pole of specimens were verified against experimental outcomes. It was shown that
specimens possessing different aspect ratios deform under a wide range of deformation modes
from uniaxial extension to biaxial stretch modes. Finally, the effect of different forming parame-
ters on the strain path evolution of the woven composite was elucidated through numerical simu-
lations. It was shown that the aspect ratio of the samples plays an important role in forming beha-
viour of woven composites. Development of a reliable and accurate numerical model for predict-
ing forming behaviour of woven composites and understanding their main forming mechanisms
promote and encourage the extensive application of these materials systems in a wide range of
mass producing industries. Adopting woven composites in manufacturing industrial components
facilitates addressing environmental concerns such as recyclability and sustainability issues.

Keywords

Woven Composite, Stretch Forming, Finite Element Analysis, Nonlinear Orthotropic Material

1. Introduction

Key criteria in developing new products include sustainability, recyclability and weight reduction. Published
data [1] shows that the transportation industry accounts for 27% of the total Green House Gas (GHG) emissions
solely in the United States. Results of analyses published by the institute of energy and environmental research
[2] reveal that mass reduction of vehicles can substantially decrease CO, emission and fuel consumptions. Thus,
weight reduction in vehicles is regarded as one of the major priorities in the mass production industries such as
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Based on an Orthotropic Non-Linear Material Model. Journal of Materials Science and Chemical Engineering, 3, 168-179.
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automotive industry [3]-[5].

Woven Thermoplastic Composite Materials (WTPCMs) have shown great potential to be employed in the
automotive industry due to their attractive properties including high specific strength, excellent impact energy
absorption and balanced in-plane thermomechanical properties [6] [7]. Furthermore, they can be melted and
re-shaped after initially consolidated, making them suitable candidates to address recyclability issues. However,
the components currently made from these material systems are produced through labour-intensive, complex
manufacturing techniques, such as moulding and hands lay-up of prepregs, resulting in very low manufacturing
rates and expensive final products, hampering their wide spread applications. These manufacturing processes are
not suitable for mass producing industries, where cost-effective products and high production rates are essential.
Stamp forming of pre-consolidated woven composites is an efficient method for mass production of this material
system. Recent studies show the great potential of producing complex components from woven composites
through stamp forming [8]-[13]. However, successful adoption of stamp forming on woven composites necessi-
tates a thorough study on the formability of this class of composite materials.

Formability of unconsolidated woven composites (prepregs) has been studied extensively [14]-[17]. However,
forming behaviour of pre-consolidated woven composites through stamp forming is a current research initiative
which needs to be addressed properly. To investigate formability of pre-consolidated woven composites under
different forming conditions numerical simulation is an effective tool that can substitute cumbersome trial and
error method in finding efficient production procedure. In the current study, an orthotropic material model based
on the outcomes of characterisation experiments on a woven self-reinforced polypropylene composite (SRPP) is
developed within an incremental deformation theory framework. The developed model was implemented into a
Finite Element Analysis (FEA) software program (ABAQUS/Implicit solver) through a User-defined Material
subroutine (UMAT). The numerical simulation predictions were verified against experimental results on the
strain evolution at the pole of different samples. The combined effects of samples™ aspect ratios and forming pa-
rameters, including in-plane material stiffness and contact conditions, on the formability of a woven composite
were elucidated. It was shown that the main forming parameters are dependent to the aspect ratio of a woven
composite. The proposed nonlinear material model showed high capacity in predicting formability of a woven
composite during rapid manufacturing processes and therefore offers good potential to be employed in the
process of manufacturing industrial components.

2. Experimental Procedure
2.1. Material System

The pre-consolidated sheets of a multilayered 2/2 twill weave self-reinforced composite (SRPP) employed in the
current study was manufactured by OCV reinforcements Co. [18] with 0.9 gem® volumetric density. Both rein-
forcements and the matrix were manufactured from a highly oriented semi-crystalline polypropylene polymer,
making the final product to be completely recyclable. The woven fabric is manufactured from PP copolymers.
made of two structurally different concentric cylinders of PP: a core made of a-PP polymer covered by f-PP
polymer as the skin, in which the former has significantly higher melting temperature than the latter. Applying
sufficient pressure and heat to the composite prepregs melts the skin of PP copolymer and constructs the matrix
by embedding the unmelted /-PP reinforcement (selectively melting process). After cooling period, the consol-
idated multilayered SRPP composite sheets are produced.

2.2, Geometry of Specimens

In the current study, SRPP specimens with different aspect ratios (width-to-length ratios) were employed to
characterise the woven composite and to study its forming behaviour at room temperature through two different
sets of experiments:

1) Characterisation specimens: rectangular SRPP samples possessing 200 mm x 20 mm x 1 mm (length,
width and thickness) dimensions were employed to characterise the composite material through uniaxial exten-
sion and bias extension tests. The test procedure followed ASTM D3039 standard as the standard test procedure
for characterisation of polymer matrix composites. Specimens possessing [0°, 90°] fibre orientations were used
in uniaxial extension tests to calculate longitudinal stiffness (Young’s modulus or E) and Poisson’s ratio (PR) of
SRPP and samples with [—45°, +45°] fibre orientations were employed to measure the shear stiffness (G) of the
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SRPP composite through the bias extension test.

2) Stretch forming specimens: These specimens were cut-out from initially circular specimens of 200 mm in
diameter. The samples’ widths (W in Figure 1) varied between 12.5 mm to 200 mm. The thickness of samples
was 1 mm. General dimensions of SRPP specimens are shown in Figure 1. Each specimen is depicted by WN
parameter in which N exhibits the width of the sample. For example, W50 and W200 represent a semi-rectan-
gular specimen with 50 mm width and a full circular specimen with 200 mm diameter, respectively.

2.3. Experimental Equipment and Procedures

Two different experiments were conducted to develop a nonlinear material model and to evaluate the accuracy
of the numerical model in predicting the stretch forming behaviour of SRPP composite:

1) Characterisation experiments: Two sets of experiments were conducted to characterise the SRPP composite
including uniaxial and bias extension tests. The former was employed to characterise composite mechanical re-
sponse to unidirectional loadings along the fibres, to calculate modulus of elasticity as a function of longitudinal
strain and to evaluate Poisson’s ratio (PR) of the woven composite. The latter was designed to characterise the
shear stiffness of the material by uniaxially extending [—45°, +45°] SRPP specimens in a bias extension test. The
equipment included a universal testing machine (INSTRON 8874) to extend SRPP samples and to measure the
force by a load cell and a CCD camera for recording deformations and calculating strains during deformations.

2) Stretch forming experiments: This set of experiment was designed and conducted on a variety of [0°, 90°]
specimens to study their forming behaviours under different forming paths specified by the ratio of minor to
major strains. Forming equipment included: a custom-built press with 300 kN capacity, a hemispherical punch,
an open die with a built-in lock ring to enforce boundary conditions, a blank holder system, and two CCD cam-
eras installed beneath the open die to measure strains and their evolutions during forming. The configuration of
stretch forming equipment is shown in Figure 2. Strains were measured by an in-situ non-contact measurement
system (the ARAMIS). The ARAMIS system was constructed of two high speed, high resolution CCD cameras
capable of capturing images during deformation of a specimen to facilitate continuous tracking of displacements
and calculating strains through deformation kinematics. In both experiments, the ARAMIS was set to capture
deformations with the rate of 20 fps (frames-per-second). The cameras were positioned beneath the open die by
an adjustable tripod, facing toward the painted surface of the specimen during forming (Figure 2). More details
of the ARAMIS system and the implemented algorithm for calculation of strains can be found in [19].

3. Results and Discussions

3.1. Development of the Material Model

The characterisation experiments conducted on [0°, 90°] and [—45°, +45°] SRPP specimens revealed the nonli-
near response of the woven composite to external loadings. The full characterisation of the woven SRPP re-
quired the definition of three different stress and strain dependencies: correlation between longitudinal stress and
strain, longitudinal to transverse strains dependency and shear stress-strain behaviour. The outcomes of charac-

200

2
VS

[0°,90 "] SRPP specimen

Figure 1. SRPP specimens.
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In the above equations, the parameters are defined as follows: A = —18.5E6, B
0.00841, F = 18.5E6, M = 0.052, N = 0.0043, p = 1.08, q = 0.009, L = -0.056, R=117.8, S =-11.6, t = 28.35
and H = 11.6. The highly nonlinear nature of these relations necessitates application of an incremental deforma-
tion theory to effectively capture complex forming behaviour of SRPP as follows:

Tugmeng bolts

Punch head

Top Blank
holder

2 CCD Cameras

2 Light sources

The ARAMIS system

Down blank-holder

(a) Press equipment (b) ARAMIS system

Figure 2. Stretch forming equipment.

terisation experiments are depicted by the following equations:
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These equations yield the following material properties for the SRPP woven composite:
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Subsequently, the stress and strain tensors can be coupled together through the following plane stress ortho-
tropic material model:
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In this equation, a;, o and &, depict different components of the Cauchy’s stress tensor including normal
stress along 1 and 2 axes and in-plane shear stress. &, & and &, represent normal strains along 1, 2 and in-plane
shear, respectively. E, and E, depict Young’s modulus along 1 and 2 axes, while vy, and v, are the two Pois-
son’s ratios of the SRPP caused by stretching the specimen along the first axis depicted by the first subscript on
the induced strain along the transverse axis, shown by the second subscript. The stiffness matrix of the woven
composite was considered asymmetrical based on the following reasons: 1) E and v are both functions of strain.
During each increment, the induced strains in 1 and 2 axes are not necessarily identical (depending on the width
of the sample and enforced boundary conditions). Therefore, E and v along these two directions possess differ-
ent values during different stages of deformation. 2) Existence of a strain potential function during a linear,
small deformation process guarantees symmetrical properties of the material’s stiffness matrix. However, during
stretch forming of a SRPP composite, large, non-linear deformations occur.

3.2, Stretch-Forming Studies

A total of 16 different SRPP specimens with different aspect ratios were stretch formed by the hemispherical
punch until they fractured. The induced strains on the surface of SRPP samples were measured by the ARAMIS
system. Principal strains were continuously calculated during each deformation increment. The ratio of minor to
major strains (SR) was calculated to determine the induced deformation modes at the pole of specimens (The
intersection of the two symmetry axes of the specimen). These deformation modes varied between the following
regions: SR = —0.5 depicting uniaxial extension mode, SR = (0 exhibiting plane stress deformation and SR = +1
showing biaxial stretch.

Stretch forming simulations was conducted by the ABAQUS/implicit solver. The developed orthotropic ma-
terial model was implemented into the ABAQUS by considering the plane stress condition governing stretch
forming of thin SRPP blanks. Geometrical modelling of stretch forming experiment was accomplished through
the ABAQUS Graphical User Interface. Four main parts were modelled within the ABAQUS/CAE (Figure 3): a
hemispherical punch, an open die, a blank holder and the SRPP specimen. The first three components were
modelled as 3D analytical rigid shells. The SRPP blank was modelled as a deformable 3D surface and was dis-
cretised by S4RS5 thin shell elements to effectively capture bending phenomenon during stamp forming.

This type of shell element enforces Kirchhoff's thin shells theory during forming of the composite. A total of
5000 to 10000 elements were used to discretise the blanks depending on their size. The numerical simulation
was accomplished through three general steps: 1: The blank was positioned on the die and a normal traction
force was applied to the semi-circular edges of specimens (Figure 1). This step was incorporated to simulate
clamping or initial stretching of the blank due to local bend-unbend deformations applied by the lock ring em-
bedded in the die system on samples 2: Both semicircular edges of the blank were fixed in the pre-stretch posi-
tion and a normal pressure was applied on its flange areas through the blank holder 3: Initially, the punch was
moved slowly toward the blank to stabilise the contact between the punch and the blank, prohibiting severe
convergence issues due to local instabilities such as chattering. Afterwards, the punch was moved downward
with a realistic forming speed (10 mm/s) to deform the blank until depth of failure specified by experimental
outcomes.

The friction coefficient between blank holder-blank, die-blank and punch-blank pairs was set between 0.3 -
0.5. The contact between contact pairs was established through the master-slave approach with a surface-to-
surface contact reinforcement. A linear penalty method was reinforced to the normal contact condition to pre-
vent penetration of the contact pairs into each other. A general stabilisation procedure was enforced to address
convergence issues during contact. To minimise the numerical errors, the ratio of the dissipated energy during
contact and the overall energy required for forming was kept below a critical value.

)
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Blank holder Hemispherical Punch

Blank Die
Figure 3. Modelling of Stretch Forming Components Assem-
bly in the ABAQUS.

Figure 4 compares the experimental outcomes and the numerical predictions on the strain path of different
specimens at the pole.

The nonlinear strain path, evident in all specimens except for W200, is caused by different phenomena: 1)
fixing merely the circular edges of specimens in the lock-ring causes a stretch and a contraction along the length
and the width of the specimen due to Poisson’s effect, respectively 2) Establishment of initial contact between
punch and the blank causes a local biaxial stretch in the pole of samples 3) Increase of forming depth changes
biaxial stretch mode to another deformation mode governed by the aspect ratio of the sample 4) Gradual con-
formation of the blank to the punch geometry causes evolution of friction condition by variation of normal
pressure and an asymmetrical contact surface along warp and weft directions (or along principal directions).

The FEA predictions demonstrate a similar trend with experimental outcomes during all stages of deformation.
These results prove the high accuracy and reliability of the implemented numerical model for a woven compo-
site during stretch forming condition. Both experiment and numerical simulations show the dependency of strain
path to the aspect ratio of specimens: W25 and W50 demonstrate uniaxial and plain strain deformation modes,
respectively. Increase of the specimens’ widths causes the deformation mode to shift toward biaxial stretch until
W200 which exhibits SR of +0.95. The small deviation of W200 strain ratio from a complete biaxial stretch is
due to the friction between the sample and the punch.

3.3. Effects of Different Parameters on the Strain Path

Experimental and analytical investigation on stamp forming of woven composites is complicated, time consum-
ing and challenging due to the highly complex nature of contact condition between the punch and the blank,
nonlinear mechanical response of woven composites to external loadings and complex coupling between differ-
ent forming parameters. Employing a macro-mechanical numerical model facilitates analysis of different pa-
rameters on the formability of the woven SRPP efficiently by avoiding incorporation of complex interactions
within the weave structure of the composite. Three specimens are selected (W25, W100, W150 with [0°, 90°] fi-
bre orientations) and the effect of different mechanical properties and contact conditions on the strain path are
studied.

The effect of friction condition on forming behaviour of a woven composite is elucidated in Figure 5. High
and low friction conditions depict a friction coefficient of 0.1 and 0.9 between punch and the blank. The effect
of friction condition on different regions of strain path is not identical. In wider specimens, the strain path does
not change noticeably and the friction merely affects the maximum strains induced in the specimen: higher fric-
tion results in a more rigid body motion in the region around the pole, resulting in a decrease of induced strains.
Lower friction causes a larger strain at the pole, causing more deformation on regions surrounding the pole. In
wider specimens, increase in friction coefficient redistributes surface strains and decreases the maximum strain
at the pole. In narrower specimens, the change in strain path is more noticeable. Generally, higher friction causes

©
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Figure 5. Effect of changing friction coefficient on strain path at the pole.

the strain path to shift toward the plane strain by counteracting Poisson’s effect and hampering development of
the negative minor strain. Friction condition only affects maximum induced strain during stretch forming of
wide specimens but results in a major shift of the strain path in narrower samples due to non-proportional con-
tact surface along warp and weft directions.

Figure 6 illustrates the effect of composite’s stiffness on the forming path. High and low stiffness of the
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Figure 6. Effect of changing Young’s modulus on strain path at the pole.

material differs by 30% compared to the original SRPP Young’s modulus. In narrow specimen, the effect of this
change on the induced deformation mode is negligible. However, in wider specimens, the increase of stiffness
causes a shift toward plane strain deformation mode with a decrease in principal strains for an identical forming
depth. The noticeable effect of changing stiffness in different specimens is the length of pre-stretch deformation
stage. This stage of forming process is a force-control process in contrast to other stages with a more displace-
ment-control nature. Generally, changing the Young’s modulus within the realistic range of SRPP elasticity
modulus does not show a prominent effect on the strain path of specimens, specifically in narrower specimens.
Increasing the stiffness in wide specimens shows some local effects on the strain path, although the final gradi-
ent of the strain path seems to be identical.

Figure 7 clucidates the effect of PR on the strain path of different samples possessing different aspect ratios.
The high and low PRs are different by 50% compared to original values. In narrow specimens, variations of PR
cause a noticeable shift of the strain path. Decrease of the PR results in a more plane strain deformation mode,
while increase of PR causes a shift toward more negative minor strains, e.g. shear deformation mode. However,
in wider specimens the contact area along both longitudinal and transverse axes, e.g. warp and weft orientations,
increases significantly. The change of contact area diminishes the effect of PR on the strain path due to the syn-
ergy between friction force and PR. Higher PR shifts the strain path of wider specimens toward negative minor
strain or plane strain deformation mode, while lower PR shifts it toward biaxial stretch mode. These results re-
veal the complex effect of changing PR in the forming behaviour of a woven composite and its sensitivity to size
effect.

Effect of shear stiffness on the strain path of woven composites, as shown in Figure 8, is probably the most

©
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Figure 7. Effect of changing Poisson’s ratio on strain path at the pole.

noticeable, yet non-intuitive phenomenon during stretch forming of a woven composite with [0°, 90°] fibre ori-
entations. Intuitively, the shear stiffness should not have a remarkable impact on the deformation of a [0°, 90°]
specimen during stretch forming, due to the fact that shear strain in these specimens should be very low. The
numerical results show the validity of this hypothesis in narrow specimens. However, the forming results on
wider specimens elucidate the significant impact of shear stiffness on the strain history. Decrease of shear strain
shifts the strain path toward plane strain deformation mode, while increase of shear stiffness results in a more
biaxial stretch deformation mode. Decreasing the shear stiffness causes a more uniform strain distribution on the
surface of specimens in lower forming depths:

For the same forming depth, the maximum principal strain at the pole decreases, delaying onset of failure in
the woven composite.

Figure 9 more clearly reveals the dependency of fibres strains at the pole of a typical specimen (W100) to
the shear stiffness of the specimen which can be correlated to the shear strain evolution at regions located along
+45° and —45° orientations. The numerical results clearly show that once shear strain at £45° locations starts to
rise, the major strain at the pole decreases and the regions possessing maximum major strain spreads over a lar-
ger surface area around the pole. These observations lead to a more profound understanding of forming of a
woven composite: Initially, the punch contacts the blank at the pole and deformations occur locally, affecting a
very small region around the pole (Figure 9(a)). Other arcas on the blank move downward with the punch fol-
lowing a rigid body motion, without experiencing noticeable normal strains. At a specific forming depth, deter-
mined by the shear stiffness of the woven composite, regions located along +45° directions experience high
shear strains and less localised maximum strain at the pole (Figure 9(b)). The contact surface between the blank
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Figure 8. Effect of changing shear stiffness on strain path at the pole.

and the punch increases simultancously. The blank starts to conform to the punch geometry further once the
shear strains at +45° areas increases. This is highlighted by a change in the strain path of the sample. During the
final stages of deformation, the maximum strain moves completely from the pole to ward areas located along
145" directions, the shear strain increases significantly and the blank conforms completely to the punch surface
(Figures 9(c-¢) & 9(c-d)).

4. Conclusion

Characterisation experiments were conducted on a pre-consolidated woven self-reinforced polypropylene com-
posite (SRPP) to elucidate in-plane material properties including Young’s modulus, Poisson’s ratio and shear
stiffness. These data were employed to construct an asymmetric orthotropic material model employed in a nu-
merical simulation to predict stretch forming behaviour of the composite. Subsequently, stretch forming experi-
ments were conducted on different SRPP specimens by a hemispherical punch. The induced strains during
forming were continuously measured to elucidate forming behaviour of the SRPP under different forming mod-
¢s. The match between the numerical simulation results and the experimental outcomes on the strain path at the
pole of specimens were satisfactory. Then, the developed finite element model was employed to investigate the
effect of different parameters on the forming behaviour of woven composites. All major variables showed sensi-
tivity to the aspect ratio of the samples in changing strain path at the pole. These variables included material
properties and friction condition. It was elucidated that in narrow specimens, the Poisson’s ratio and friction
coefficient are the most influential parameters on the strain path and therefore on the formability of the woven
composites. In wide specimens, the shear stiffness and Young’s modulus are more effective parameters in the
formability of the composite than others. It was revealed that the shear stiffness of a [0°, 90°] woven composite

)
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Figure 9. Effect of shear strain on the evolution of major strain and forming profile of W100.

has a significant effect on developing a more uniform surface strain and therefore the enhanced formability of
the woven composite.
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Chapter 7

FEA predictions on forming and failure
behaviours of a woven composite

In previous chapters, a path-dependant strain-based failure model based on stretch
forming studies on a woven SRPP composite was proposed and a non-linear material model
based on mechanical characterisation tests was constructed. In this chapter, material and
failure models are implemented into a finite element simulation to predict: (1) strain path
and evolution of surface strains at different locations on samples during different stages of
deformation, and (2) failure depths and loci in SRPP composite under a wide range of
deformation modes. Predictions made by the numerical model are compared to
experimentally measured strains and loci of failure in specimens with different aspect
ratios. Finally, the effect of different parameters on the strain path of a woven composite is
investigated. The numerical simulation results demonstrate the potential of the finite
element model in predicting failure of SRPP under complex boundary and loading

conditions.

In this chapter, a homogenised macro-mechanical scheme is adopted to incorporate
material and failure models into a finite element analysis. These models are implemented
into Abaqus/implicit software using a user-defined material subroutine (UMAT).
Specimens were modelled using a thin shell element (S4R5) capable of capturing bending
effects on thin elements during forming. Hemispherical punch, open die and blank holder
system were modelled using analytical rigid elements. Depending on the size of specimens,
a total of 5000 to 10,000 shell elements were used to discretise blanks of SRPP composite.
The contact between contact pairs, e.g. blank holder-blank and punch-blank, was
established using a master-slave approach while enforcing surface-to-surface contact

conditions. A linear penalty approach was adopted to prevent punch from penetrating into
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the blanks during forming. A contact stabilisation procedure was adopted to resolve contact
convergence problem. The ratio of dissipated energy to energy required for forming of
samples was set to a minimum to ensure the numerical errors are within acceptable range.
The friction coefficient between contact pairs varied from 0.3 to 0.5 to ensure having

consistent results with experiments.

Finite Element Analysis (FEA) results are benchmarked against experimental outcomes
and the evolution of minor and major strains at the pole of specimens is studied. Minor
discrepancies between experiments and simulations are associated with heterogeneous
properties of the composite and manufacturing flaws caused by high viscosity of the
polypropylene polymer and the existence of resin rich regions. The reasons behind sudden
change of strain gradient are discussed in terms of process parameters including aspect
ratio, boundary condition and fibre orientation. Furthermore, a comparison of analytical
equations for predicting mechanical properties of SRPP in FEA with experimental
characterisation test results is shown in Appendix A (after bibliography section, page 154).
These graphs include stress-strain curves obtained through uniaxial and bias extension tests
(depicting Young’s modulus and shear stiffness of the composite) and transverse vs
longitudinal strains (depicting conventional definition of the Poisson’s ratio) of the SRPP

composite.

Evolution of surface strains on a typical SRPP sample at different depth of deformation
is illustrated. Outcomes of the analysis elucidate the evolution of contact between punch
and blank and its effect on development of surface strain in a SRPP. Finally, onset of failure
under different deformation modes are predicted and compared with photographs of
fractured samples. In thinner samples, the failure was predicted to start at a distance of 1/3
of sample’s length from the edge perpendicular to the warp direction. In wider samples,

two orthogonal paths of failure making 45° with fibre direction were observed.
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High correlation between FEA results and experimental measurements validates high
accuracy of the proposed numerical model in predicting failure of woven thermoplastic
composites under complex loading conditions. The numerical model has the potential to
predict formability and failure behaviour of consolidated woven thermoplastic composites
during manufacturing. This numerical model facilitates manufacturing of components from
woven thermoplastic composites by reducing the time and cost required to conduct trial

and error experiments.
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Abstract: This paper investigates forming and failure behaviours of a consolidated woven self-
reinforced polypropylene (SRPP) composite through combined stamp forming experiment and finite
element analysis. Mechanical properties of a woven SRPP composite were characterised using a
universal testing machine and a non-contact photogrammetry system. Constitutive equations were
derived as functions of strains using a homogenised orthotropic material model. Consolidated SRPP
specimens with novel geometries, different aspect ratios and fibre orientations, were stretch formed
in a custom built press until catastrophic failure. Evolution of principal strains was captured using
a real time Digital Image Correlation (DIC) system. A path dependant failure criterion was
developed as a function of deformation modes and invariants of strain tensor at the vicinity of
fractured region. Material and failure models were implemented into a finite element analysis using
Abagus/implicit. Strain path at the pole of specimens, evolution of surface strains, and onset of
failure were predicted using a homogenised numerical scheme. Comparison with experimental
outcomes demonstrated high accuracy of the developed humerical model in predicting deformation
and failure behaviours of a thermoplastic composite under a wide range of deformation modes. The
model demonstrated its potential to predict formability and failure behaviour of woven
thermoplastic composites during manufacturing by eliminating the need to conduct expensive, time
consuming trial and error procedures.

Keywords: woven thermoplastic composite, real time strain measurement, finite element analysis,
constitutive model, failure

1. Introduction

Woven polymer composites have attracted worldwide attentions owing to their advantages over fibre
reinforced composites including balanced thermomechanical properties, enhanced resistance to
crack propagation and higher fatigue strength. Improved mechanical properties of this class of
composite materials present an opportunity for their wide spread application in defence, automotive,
and aerospace industries. Studies have shown that substituting metallic parts with composite
materials has the potential to provide a weight reduction of 10% to 50% and a cost reduction of 10%
to 20% while maintaining similar mechanical properties [1]. However, these targets can be achieved
only if a more effective manufacturing process is adopted to produce components from composites.
This necessitates development of a reliable failure model to predict strength of polymer composites
under different loading conditions.

Polymer composites are generally made of two different polymer resins: thermosets and
thermoplastics. Thermoset composite materials are currently manufactured by labour-intensive, time
consuming and expensive processes including moulding and autoclaving techniques. These
processes generally involve draping the reinforcement fabric into the mould, impregnation of the
fabric with a resin, and curing both components under controlled pressure and temperature
conditions to consolidate the composite. Prolonged processing time is required for cross linking
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thermoset polymer chains to provide strength and rigidity in the final manufactured component.
Thermoset composites exhibit brittle behaviour and cannot be recycled and reshaped after curing.
Shortcomings of thermoset-based composites have raised worldwide interest toward adopting
thermoplastic-based composites in industrial applications. Thermoplastic polymers possess a semi-
crystalline structure that eliminates the necessity of cross linking during consolidation process.
Thermoplastic composites can be reshaped after initial consolidation. Parts can be made of
thermoplastic composites using multi-stage forming procedures such as initial consolidation
followed by post forming of blanks.

Design and manufacturing parts from thermoplastic composites requires fundamental understanding
of their failure behaviours. There are countless failure theories that were basically developed on
thermoset polymer composites. To evaluate the accuracy of these myriad of failure theories, an
international “World Wide Failure Exercise” (WWFE) was established by the science and
engineering council of UK. One of the main objectives of this exercise was to benchmark and
compare the predictability of failure theories based on a consistent experimental framework. The
results of these exercises were collected and published in a series of publications [2-6]. Outcomes
of these studies have demonstrated that “contrary to widely held misconceptions, much still remains
to be done in order to ensure that reliable and accurate predictive tools are readily available for
general use in design” [5]. Organisers of WWFE observed that the divergence between prediction
of failure and experiments were increased with complicated loading cases. They attributed these
discrepancies to the absence of standard experimental procedures to characterise these loading
conditions. It was concluded the predictability of some failure criteria were more promising than
others but none of these theories were capable of accurate failure predictions in composites
experiencing high strains.

Thermoset-based composites are brittle and exhibit very low strain to failure. Mismatch between
fibre and matrix properties results in strain concentration at their interface, leading to transverse
cracking, de-bonding, and delamination in the composite. On the other hand, Failure behaviour of
woven thermoplastic composites differs significantly as a result of two specific mechanisms: 1)
interaction effects of interlacing yarns in woven reinforcements, and 2) much higher strain to failure
of thermoplastic compared to thermoset resins. There is an ongoing research studies undertaken to
understand failure mechanisms and develop failure theories for thermoplastic composites [7-20].
Current study is undertaken to develop a failure criterion for woven thermoplastic composites and
demonstrate its accuracy by benchmarking results of a numerical simulation with experiments
through a wide range of deformation modes.

The current paper is an extension of previous experimental studies conducted on forming and failure
of a woven self-reinforced polypropylene composite. In [24], foundations of an experimental failure
frameworks for self-reinforced composites have been established to identify failure limits of a SRPP
at different strain ratios. Based on an experimental strain measurement technique, a relation between
deformation mode and failure mode of the composite was established and a failure envelope in a
principal strain space was defined. In [25], different failure morphologies of the composite observed
under fracture in different deformation modes was studied using an optical microscopy system and
the role of shear deformation mode in extending forming capabilities of a consolidated woven
composite was investigated. In [26], mechanical characterisation experiments were conducted to
develop a constitutive stress-strain relation for the composite as a function of fibre strain. It was
found out that Poisson’s ratio is highly nonlinear and as such the dependency of lateral to
longitudinal strains in the composite was re-defined using an incremental deformation framework.
In the current study, material and failure models developed in previous papers were incorporated
into a numerical simulation to predict strain path at the pole, evolution of surface strains, and onset
and shape of fractured region in composite specimens. Comparison with experimental outcomes
showed high accuracy of FEA predictions on deformation and failure behaviours of the consolidated
woven composite during stamp forming process. Outcome of the combined experimental-numerical
analysis demonstrated the potential of the present model in predicting failure of woven thermoplastic
composites under complex loading conditions.
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2. Material, testing method and finite element analysis

2.1 Material system

The pre-consolidated sheets of a multilayered 2/2 twill weave self-reinforced composite (SRPP),
manufactured by OCV reinforcements Company [21], were used to conduct mechanical
characterisation and forming tests. SRPP composite is a self-reinforced composite in which both
reinforcements and matrix are made from semi-crystalline polypropylene material. The woven
fabric is manufactured from PolyPropylene (PP) copolymer fibres, made of two structurally different
concentric cylinders of PP: a core made of a-PP polymer covered by -PP polymer as the skin, in
which the former has significantly higher melting temperature than the latter. During manufacturing
process, high pressure and temperature are applied to the composite prepregs to melt the B-PP skin
and construct matrix to embed woven reinforcement. After cooling, the consolidated SRPP
composite sheets are produced in which fibres and matrix are made of a and p PP polymers,
respectively.

2.2 Characterisation experiments

Uniaxial and bias extension tests were conducted on rectangular SRPP specimens to extract
mechanical properties of the composite as functions of strain. Details of characterisation tests are
specified in [20]. Modulus of elasticity (E), Poisson’s ratio (v), and shear stiffness (G) of the SRPP
are curve fitted with experimental data using exponential functions:

E;(&) =m.exp (— %) + n.exp(— %) , i=1,2 1)
vij(&) = 7. [exp (— ?) +exp (— %)] =12 and j=1,2 (i#) @)
Gy, =p +5s.exp(—q.Y12) 3

Values of constants used in equations (1) to (3) are as follows:

a = 14188.75,b = 841.00e~5,c = 1.08,d = 9.00e~3,m = 1300.00,n = 2997.00,r =
—0.05,p = 117.80,q = 28.35, s = 328.70 (4)

Indices i and j depict longitudinal and transverse directions of specimens which correspond to warp
and weft directions in the woven composite. An interesting finding of characterisation experiments
on SRPP composite was the high variations of transverse to longitudinal strains during uniaxial
extension. Highly nonlinear dependency of transverse to longitudinal strains necessitated adopting
an incremental approach to re-define Poisson’s ratio of the composite. Poisson’s ratio, in the current
study, is defined as the instantaneous gradient of lateral strain to longitudinal strain at each stage of
deformation. Based on this new definition, Poisson’s ratio of SRPP at the very beginning of uniaxial
extension is close to 0.45 but reduces abruptly to 0.1 after around 5% strain. Adopting conventional
definition of Poisson’s ratio, as the ratio of lateral to longitudinal strain at any stage of deformation,
yields unrealistic predictions of deformation and failure in SRPP composite during stamp forming
simulations. From the above analytical expression depicted by equations (1) to (4) an important
conclusion can be made on the woven composite mechanical properties: when induced strains are
low (less than 5%), the mechanical properties varies significantly. In other words, the gradient of
material properties is very high at low strains. However, as the strain value increases (between 5 to
10%), the variation of material properties reduces gradually. At strains above 10%, the material
constants converge toward fixed values (E becomes around 1.5 GPa and v becomes 0.1). The effect
of this phenomenon on forming and failure behaviours of composite as predicted by FEA
simulations will be discussed later.

An orthotropic material model, assuming no coupling between normal and shear components of
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stress and strain tensors, is adopted to construct constitutive equation of the composite:

Eq Eq.v21 0
0 /1—V12-V21 1-vy2.v21 \ &1
(JZ ) = E2.v12 ) o |- ( & ) (5)
\1—1/12.1/21 1-vi2.v21 / Y12

0 0 Gy

01, 05, and 7;,depict different components of the Cauchy’s stress tensor including normal stress
along 1 and 2 axes and in-plane shear stress. €,, €,, and y,,represent normal strains along 1, 2 axes
and shear strain, respectively. E; and E, depict Young’s modulus along 1 and 2 axes, while v;,and
v, are Poisson’s ratios of the material which are defined as the effect of extension along the first
axis depicted by the first subscript on the induced strain along the transverse axis, shown by the
second subscript. G;,and y;,depict shear stiffness and shear strain of the composite, respectively.
The first four material properties (E, v) were extracted from uniaxial extension of on-axis composite
specimens and the fifth material property was obtained from bias extension test on off-axis ([+45°])
samples.

T12

Measurement and calculating of shear stiffness of SRPP was done on off-axis ([£45°]) samples. No
pre-assumption such as frictionless pin-joint between warp and weft yarns was made to calculate
shear stress-strain relation. A shear stress-strain analysis was made based on experimental readings
of force and strain using INSTRON and ARAMIS equipment. Off axis samples were stretched
longitudinally so that the force exerted to the samples made a +45° with fibre orientation at the start
of the experiment. Once specimens were stretched, warp and weft fibres started to spin around their
crossover joints and the associated rotation angle and shear strain were measured incrementally by
the ARAMIS. Variations of longitudinal force vs strain were plotted using INSTRON readings.
Strains were calculated using photogrammetry technique and were averaged across the mid cross
section of specimen where both warp and weft were yarns were free to rotate. Then a plot of
longitudinal strain vs shear strain were constructed using ARAMIS readings. Finally, these data was
employed to plot uniaxial strain vs shear strain. Using all these three graphs, an analytical expression
for the dependency of longitudinal strain to shear strain was constructed. Shear stiffness was
calculated at each increment using instantaneous slope of this graph.

2.3 Stamp forming tests

Geometries with specific geometries as shown in Figurel were used to conduct forming tests on
SRPP composite. It should be emphasized that the Pole is located at the intersection of longitudinal
and transverse symmetry axes of specimen (centre of specimen). Underlying reason for adopting
these geometries was to induce failure in the composite under a wide range of deformation modes.
Experiments have shown that deformation mode at failure is a function of two variables: width-to-
length ratio and fibre orientation. Specimens were cut out from full circular blanks with 200mm
diameter (¢) into semi-rectangular shapes with width (W) ranging from 12.5 to 150mm. A full
circular sample with diameter of 200mm was used to capture deformation behaviour of SRPP under
biaxial extension mode. SRPP specimens with different aspect ratios and fibre orientations ([0°,90°]
and [-45°,+45°]) were stamp formed until fracture. Forming experiments were conducted using a
300KkN custom-built press with a hemispherical punch head and an open die configuration with a
blank holder and built-in lock ring system (Figure 2). Specimens were fixed in the lock ring of the
blank holder system along their perimeters. Therefore, Variations of aspect ratio (W/D) changed the
ratio of fixed to the total perimeter of specimens and therefore resulted in failure under different
deformation modes.
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(a) Two dimensional drawing of the stamping set-up
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(b) A close up section view of the stamping set-up

Fig 2: Experimental set-up of stamp forming on SRPP composite

Surface strains were recorded using a real time photogrammetry measurement system. Details of
experiments are specified in [18-20]. Stamp forming experiments were conducted due to following
reasons: 1) providing a benchmark for finite element analysis results including strain path at the pole
(midpoint or intersection of the two orthogonal axes (X and Y) of specimens as shown in Figure 1),
evolution of surface strains, and site of fracture; 2) define a failure envelope for a woven
thermoplastic composite as a function of strain invariants and their ratios. Each deformation mode
was characterised by the ratio of two principal strains (SR=eminor/€major) ranging from SR=+1 for
biaxial extension mode to SR=—1 for shear deformation mode. Other deformation modes were
specified by SR=0 for plane strain and SR=—0.5 for uniaxial extension modes. Details of constructing
a failure envelope for SRPP composite are specified in [18-20]. Analytical formulation of the failure
envelope for SRPP composite, as implemented in FEA simulation through a user defined material
subroutine (UMAT), is expressed by the following two equations:

(0.5 <SR<+1) and (eminor = —8%)) = &laror: =0.16 (6)
(-1 <SR<—05) and (eminor < —8%)) = ehion: = —1.6 % Eminor + 0.032 @)
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Failure criteria, as defined by Eq. (6) and (7), depends on the value of minor strain and strain ratio:
If strain ratio (SR) is between -0.5 and +1 (deformation modes between uniaxial extension and
biaxial stretch), then major strain larger than 16% results in failure of SRPP composite. Second
failure region covers strain ratios less than -0.5 (deformation modes between uniaxial extension and
shear deformation modes). In this region, the value of failure strain makes an inverse linear
dependency to the minor strain. Equation (7), obtained from experimental forming tests on SRPP
samples, reveals another interesting behavior of SRPP woven composite: failure starts at higher
major strains as compressive minor strain increases. In other words, failure onset can be delayed if
high compressive forces are applied along the transverse direction of the composite. This shows a
coupling between failure along 1%t direction and the applied stress in the 2" direction due to
interwoven structure of reinforcements.

It should be noted that both failure criteria specified by equations 6 and 7 are continuous at the strain
ratio of -0.5. In addition to that, the failure envelope defined by these equations is based on principal
strains and as such ignores the fiber direction. The reason behind the treatment of failure in a SRPP
composite lies in its microstructure. Both constituents of the composite are made from similar
material system and as such fiber directionality has least impact on failure of the composite as
compared to composites made of very stiff fibers such as carbon fiber and glass fiber polymer
composites.

2.4 Finite element model

Stretch forming simulations was conducted using ABAQUS-implicit solver. The orthotropic
material model and failure criteria developed for the woven composite were implemented into the
ABAQUS. The stamping process was modelled as a plane stress problem due to very low thickness-
to-width ratio and negligible through-thickness stress in semi-rectangular specimens caused by the
punch. Hemispherical punch and die system were modelled as rigid bodies. Blanks were discretised
using thin shell plane stress elements from Abaqus library. These elements have 5 degrees of
freedom and impose Kirchhoff-love bending conditions on thin shells using numerical constraints
to capture bending deformations accurately. In this study, the largest specimen (a full circle with
200 mm diameter) was discretised by 10000 elements while the smallest sample (a semi rectangular
specimen with 200 mm length and 25mm width) was discretised by 3000 elements. Stamp forming
experiment was simulated as a quasi-static process using implicit technique.

The contact between contact pairs, e.g. blank holder-blank and punch-blank, was established using
a master-slave approach while enforcing surface-to-surface contact conditions. A linear penalty
approach was adopted to prevent punch from penetrating into the blanks during forming. A contact
stabilisation procedure was adopted to resolve contact convergence problem. The ratio of dissipated
energy to energy required for forming of samples was set to a minimum to ensure the numerical
errors are within acceptable range. The friction coefficient between contact pairs varied from 0.3 to
0.5 to ensure having consistent results with experiments.

3. Results and discussions

In this section, outcome of stamp forming tests on SRPP specimens having novel geometries and
different aspect ratios are presented and compared with numerical simulation results. First, evolution
of minor and major strains at the pole of specimens leading to fracture is studied. FEA results are
benchmarked against experimental outcomes and small discrepancies are associated with
heterogeneous properties of the composite and manufacturing flaws. Reasons behind sudden change
of strain gradient are discussed including aspect ratio of samples, enforced boundary conditions and
fibre orientation. Second, evolution of surface strains on a typical SRPP sample at different depth
of deformation is illustrated. This section elucidates the evolution of contact between punch and
blank and its effect on development of surface strain in SRPP composite. Finally, onset of failure
under a wide range of deformation modes are predicted by FEA and compared with fractured site of
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composite samples in experiments. High correlation between FEA results and experimental
measurements validates high accuracy of the numerical model in predicting failure of woven
thermoplastic composites under a wide range of deformation modes and its potential application in
composites under complex loading conditions.

3.1 Strain path

The experimental deformation modes for specimens with [0°,90°] and [-45°,+45°] fibre orientations
are shown in Figures 3 and 4. It is observed that [0°,90°] specimens experience forming modes from
SR = -0.1 to SR = +1. SRPP specimens with [-45°+45°] fibre orientations mainly experience
deformation modes between uniaxial extension to shear deformation (SR = —0.5 to SR = -1). The
W150 [-45°,+45°] specimen was an exception as it exhibited a near to biaxial stretch deformation
mode due to the imposed boundary condition that prevented trellising and caused near equibiaxial
stretch in the sample. It should be emphasized that the SR values indicated in figures 3 and 4 are
approximate. They are just indicated to specify the deformation mode of each specimen in the last
stages of deformation prior to fracture. Experimental outcomes reveal a competition among shear
deformation, draw of material, and fiber extension. An increase of width allows more material to
deform into the die cavity, resulting in higher forming depths and increased major strains before
failure. However, in larger specimens, with a width larger than 75mm, shearing is restricted by the
lock ring. In the current study, specimen with 75mm width achieves maximum forming depth.
Experimental forming results demonstrate an increase of 350% in major strains in [-45°,+45°]
samples compared to [0°,90°] SRPP specimens.

0.18 _
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Figure 3. Strain path in [0°,90°] SRPP specimens
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Figure 4. Strain path in [-45°,+45°] SRPP specimens

Stamp forming of [-45°,+45°] composite specimens fixed in the lock ring facilitates deformation
through shear mode which results in higher forming depths as the composite does not prematurely
fail due to fiber fracture. The outcomes of stretch forming experiments reveal the importance of
shear deformation mode as the key factor in forming of woven composites in consolidated state.

Evolution of strain path at different stages of deformation is demonstrated in Figure 5. The strain
path evolves at different stages of deformation indicated by different forming depths: stage 1 or pre-
stretch caused by the lock ring, stage 2 or establishment of initial contact between punch and
samples, and stage 3 or development of contact between punch and samples. During stage 1, samples
are fixed in the lock ring and extended along Y direction (Figure 1). Poisson’s effect causes a
contraction along X direction and therefore strain path of all specimens initiates in the second
quadrant of strain space (minor strain is negative). At this stage, punch has not yet started to deform
the specimen and therefore deformation along Z axis is zero. In stage 2, Punch starts its downward
movement and deforms specimen in Z direction. However, deformation is localised and specimen
does not conform to the punch geometry in full. In stage 3, a full contact is established and specimen
completely conforms to the punch geometry along Y direction. However, specimens with less than
150mm width do not completely conform to the die geometry in X direction and therefore contact
pressure is decreased. Heterogeneous contact pressure caused by fixed ends along Y direction and
unconstraint edges along X direction clearly explains effect of material and contact properties on
strain path at the pole, as discussed in [20].

Figure 5 compares experimental outcomes and numerical predictions on strain path at the pole in
SRPP specimens having different aspect ratios. Numerical results accurately predict changes in the
strain path gradient at the three specific stages of deformation (pre-stretch, initial contact, and full
contact until failure). In all samples, strain path and maximum strain limit is very well predicted
through the simulations.
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by FEA

The observed differences between experimental and numerical results are caused by the
homogeneity assumption in the modelling of the composite, which neglects highly heterogeneous
behavior of woven composites and ignores localised defects due to manufacturing flaws and
imperfections. Another reason for discrepancies between simulation and experimental results is due
to interactions between warp and weft yarn bundles, which can only be captured by conducting
extensive characterisation tests using a biaxial stretch testing machine. However, the material model
developed in this study proves to be cost effective and reliable in predicting forming and failure
behaviours of woven composites; the number of required characterization experiments is at a
minimum and computational cost is reduced as compared to micromechanical or highly complex
models considering interaction effects.

3.2 Evolution of surface strains

The failure model described by equations 6 and 7 were implemented into a finite element simulation.
Failure strain has been determined by the value of major strain: for strain ratios larger than -0.5,
failure occurs once the major strain exceeds 16%, under the condition that minor strain is larger than
-8%. If strain ratio is less than -0.5 and minor strain is less than -8% simultaneously, composite fails
if major strain exceeds the orthogonal line described by equation 7. The results of implementing the
aforementioned failure criteria into the FEA are shown in Fig. 7.
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The distribution of major and minor strains of a typical sample (W150) at different depth of
deformation is shown in Figure 6. This Figure compares experimental measurements of strain
conducted by DIC system with predicted values obtained from numerical simulations. These results
demonstrate high correlation between experimentally measured principal strains by the ARAMIS
and FEA predictions at the same depths of deformation (10mm, 20mm, and 30mm). At the very low
forming depth (Z = 10 mm), the maximum major and minor strains cover a small region at the center
of the specimen, as observed in both experimental and FEA results. The increase of forming depths
expands this region, forcing it to grow toward side walls. However, the two principal strains evolve
differently during deformation. The major strain stretches more along the warp fibre direction (Y
axis) than the minor strain, indicating that the maximum strain occurs along the warp fibres due to
the imposed boundary condition by the lock ring. This behaviour results in the growth of the initially
circular iso-major strain envelope into an ellipsoid shape.

On the other hand, the maximum minor strain envelope grows homogenously in both the warp (Y)
and weft (X) directions, making a diamond-like boundary. The predicted principal strain distribution
by the FEA is very close to the pattern captured by the ARAMIS. A further increase of forming
depth causes both regions to expand; however, the maximum minor strain remains in the central
region of the specimen while the max major strain moves from the pole toward the sidewalls of the
specimen along +45° directions. This behaviour is caused by two phenomena: 1) the maximum
contact pressure loci between punch and blank, 2) the increase of shear strain along +45° directions.
The trend and distribution of both principal strains becomes more obvious when forming depth
increases. The increase in forming depth causes higher strain in specimens which, as discussed
before, results in a more homogenous behaviour of the woven composite. Therefore, at higher
forming depths, the surface strains become more homogenous across the surface of samples.

3.3 Failure prediction

The results of implementing strain based failure criteria into the FEA are shown in Fig. 7. The top
images show photographs of fractured specimens after removal from lock ring, and the bottom
images show the predicted sites of failure onset as predicted by numerical simulations. The
correlations between predicted fracture loci and experimental observations are very high. In W25
and W100 samples, the failure initiates at a distance of 1/3 of sample’s length from the lock ring and
then propagates across the width of specimens to form a transverse crack. In W150, the failure site
forms a V-shaped opening on the surface of the specimen. In W200, the failure initiates along 45°
fibres from the pole, and then propagates to make an X-shaped crack. It is noteworthy to mention
that two failure loci are predicted by FEA simulations, while the fracture started from one side of
specimens during experiments. This is due to the fact that failure initiates where there is a flaw in
the composite. However, in FEA simulation, no localized defect was implemented and therefore
major strain pattern is completely symmetrical. The benefit of the developed numerical model lies
in its ability to reveal the exact loci of failure initiation, which cannot be clearly captured by the DIC
system. The results of FEA prediction on the site of fracture facilitate investigating initiation,
accumulation and growth of fractures in composite specimens prior to catastrophic failure using
optical microscopy systems.
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4. Conclusion

Characterisation experiments were conducted on a woven thermoplastic composite (SRPP) to
extract material properties as functions of strains. A nonlinear orthotropic constitutive relation was
adopted to develop a user defined material subroutine for the composite. Highly nonlinear behavior
of the composite necessitated adopting instantaneous gradient of lateral to longitudinal strains as
Poisson’s ratio of SRPP, defying conventional definition used for metals. Consolidated specimens
of SRPP with different aspect ratio and fibre orientation were stamp formed in a custom built press
with a lock ring to experience a wide range of deformation modes prior to failure. The forming
strains were continuously measured through a real time 3D photogrammetry system to capture
forming and failure behaviors of the composite. Results of stamp forming experiments were used to
define failure criteria of the woven composite as a function of principal strains and deformation
mode. Material and failure models were implemented into a FEA simulation. The numerical
predictions showed a high correlation with experiments, demonstrating its potential to accurately
predict failure initiation in composite which cannot be captured using photogrammetry system. The
developed failure model has the potential to predict failure of composites for complex loading
conditions. This numerical model facilitates manufacturing of components from woven
thermoplastic composites by eliminating the need to conduct expensive and time consuming trial
and error experiments.
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Chapter 8

Wrinkling behaviour of a woven composite

In previous chapters, semi-rectangular specimens with different aspect ratios and fibre
orientations were stretch formed to study failure of SRPP composite under tension. In this
chapter, failure of SRPP composite under compressive deformation mode is investigated.
Specimens with novel geometry were uniaxially extended. The distinct geometrical feature
of specimens forced them to experience wrinkling during uniaxial extension, as indicated
by a strain ratio of —2. Experimental results were used to construct a wrinkling limit
diagram for the composite. It was shown that wrinkling initiation cannot be predicted using

conventional measures applied on metals.

In this chapter, a preliminary study on wrinkling behaviour of consolidated SRPP
composite has been conducted through a modified Yoshida buckling test. Innovative
geometries consisting of a main rectangular body and two lateral wings were subjected to
uniaxial extension by a universal testing machine. Tensile strain in longitudinal direction
caused transverse compression in samples due to Poisson’s effect. Accumulation of
compressive stress caused specimen to experience out-of-plane bending at some stage of
deformation. Deformations and strains were recorded by a 3D optical photogrammetry
system. Change in geometry of specimens after wrinkling onset was studied through the

evolution of their transverse cross section.

Effect of specimens’ aspect ratio on onset of wrinkling was studied. It was shown that
severity and height of wrinkling are dependent to dimensions (e.g. length and width) of
specimen. Evolution of principal strains before and after wrinkling initiation was
investigated. It was proved that conventional wrinkling indicators, such as wrinkling limit

diagram, cannot effectively predict wrinkling onset in composites. A more reliable
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measure, based on evolution of local strains and their instantaneous gradients, should be

developed to predict wrinkling formation during forming of woven composite specimens.
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ABSTRACT
In the current research, wrinkling behaviour of a pre-consolidated woven self-reinforced polypropylene
(SRPP) composite is investigated. Specimens possessing different aspect ratios were uniaxially extended
at room temperature. Principal strains were recorded by a 3D optical photogrammetric system.
Continuous measurement of out-of-plane displacements and induced in-plane strains elucidated the effect
of specimens’ aspect ratios on wrinkling behaviour of SRPP composite. Investigating the evolution of
meridian strains offered a valuable insight into development of principal strains before and after
wrinkling onset. Plotting major and minor strains in a 2D strain space clarified the role of different
deformation modes in the evolution of wrinkles. It was shown that common wrinkling predictors used on
metals cannot effectively predict wrinkling initiation in this class of composites and a more reliable
measure, based on evolution of local strains, should be employed. The current study investigates the
wrinkling behaviour of a woven thermoplastic composite for the first time through a modified Yoshida
buckling experiment. The outcomes illustrated effective parameters on the wrinkling evolution in SRPP

specimens.

Keywords: Principal strains, Yoshida buckling test, Wrinkling, Woven thermoplastic composites.

1. INTRODUCTION

Woven Thermoplastic Composite Materials
(WTPCMs) offer attractive  advantages,
including excellent specific strength, improved
fatigue endurance and high impact energy
absorption capacity. They offer additional
benefits over fibre reinforced thermosetting
composites including recyclability, balanced
thermo-mechanical properties and superior
resistance to crack propagation [1]. However,
common production methods adapted for this
class of composite materials often involve
labour-intensive,  complex  manufacturing
techniques such as moulding and hand lay-up.
These manufacturing processes, resulting in
expensive final products, are not competitive in
mass production industries. Therefore, their
applications have been restricted to low volume
productions such as in aerospace. To benefit
from attractive properties of woven composites
in a wide range of applications, new
manufacturing techniques should be adopted to
mass produce components from this class of
composites.

Stamp forming, as a rapid production technique,
have been investigated and applied extensively

on metals [2,3]. Several rescarchers have
studied applicability of this forming process on
thermoplastic composites and hybrid structures
recently [4-10]. This technique consists of
forming blanks rapidly by a punch and its
conforming die to obtain desired geometries.
The manufacturing process benefits from low
manufacturing cycle time, resulting in high-
quality and cost-effective final products.
Stampforming of WTPCMs seems to be a
promising  alternative  to  the  current
manufacturing  techniques of  composites
capable of producing hundreds of parts per
hour. However, to achieve flawless products,
forming and failure behaviours of WTPCMs
should be studied thoroughly. Two main failure
mechanisms  suppressing a  successful
manufacturing process are fracture and
wrinkling. This article investigates wrinkling
behaviour of a pre-consolidated woven
composite at room temperature.

Wrinkling is considered as a common type of
instability when compressive stresses and
strains are involved. Wrinkling is manifested
through low wavelength waves in comparison
with dimensions of a specimen. Wrinkling is
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regarded as one of the most frequent types of
instabilities in a forming process, especially as
the major industrial trend is moving toward
employing sheets possessing very law
thickness-to-length (width) ratios. Wrinkling is
not acceptable as it decreases the strength and
stiffness of the manufactured parts and makes
the assembly of parts difficult. Different
methods have been applied to investigate
wrinkling.  These investigations include
identifying the onset of flange wrinkling by
applying Swift Cup Test [11-13], application of
axial compression loads to induce buckling in
specimens [14,15], employing Yoshida and
modified Yoshida buckling tests in specimens
with different geometries [16-19], wedge strip
test method [20-22] and employing conical
tapered dies [23,24].

To predict wrinkling effectively and to design
flawless products with high safety factors, a
concept known as Wrinkling Limit Diagram
(WLD), is utilized extensively in different
industries. This diagram, originally developed
by Keeler, Hecker and Goodwin [2,3],
comprises of principal strains induced on the
surface of sheets during a manufacturing
process. This diagram distinguishes between
safe and failed regions in a forming practice
resulted from  compressive  instabilities.
Manufacturing components from WTPCMs is
accomplished by following two different
methodologies: First, Draping and subsequent
consolidation of composite fabric prepregs by
applying controlled pressure and temperature
over sufficient period of time. Second, stamping
of pre-consolidated sheets made of WTPCM.
These techniques are both susceptible to the
appearance of the surface wrinkles. Therefore, it
is essential to evaluate the efficiency of the
WLD in predicting wrinkling in a woven
composite.

In the current investigation, specimens
possessing  specific geometries made from
woven pre-consolidated SRPP were uniaxially
extended at room temperature to induce
wrinkling. Principal strains were recorded by a
real time strain measurement system and plotted
in a strain space. The effect of specimens’
dimensions on the wrinkles’ heights was
investigated. Evolution and distribution of
principal  strains along longitudinal and
transverse sections were investigated. The
experimental outcomes were employed to

establish a Wrinkling Limit Diagram (WLD) for
a woven thermoplastic composite and to
investigate the effect of wrinkling onset on the
evolution of WLD. It was found out that the
common wrinkling predictors applied to metals
could not effectively predict wrinkling onset in
this class of composites. Therefore, establishing
a novel indicator for predicting wrinkling
initiation is  necessitated if widespread
application of woven composite is required.

2. EXPERIMENTAL PROCEDURE

2.1 Specimens

Specimens were made of woven self-reinforced
polypropylene (SRPP) composite, CURV™™,
produced by Propex Fabrics of Germany.
Balanced woven prepreg fabric made of highly
drawn polypropylene fibres was processed
through a hot compaction technique, developed
at Leeds University, possessing 0.9 g/em’
density. Geometries utilized to investigate
wrinkling behaviour of SRPP specimens were
based on specimens introduced in [25]. To
investigate the effect of different parameters on
wrinkling initiation and to investigate WLD
evolution and distribution, several geometries
possessing different aspect ratios were used.
The schematic of specimens and the associated
dimensions are depicted in Fig. 1 and Table 1,
respectively. Each sample could be virtually
considered as a main rectangular part with two
side wings attached to it. The total length and
the thickness of all the specimens were 200mm
and lmm, respectively.
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Fig. 1: Dimensions of wrinkling specimens
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Table 1: Wing section variations in different specimens (Dimensions are in millimetre)

Specimen | a | b | Specimen | a | b W Specimen | a | b Y Specimen | a | b
4540 451 40 5540 55| 40 6540 65 | 40 7540 75 | 40
4560 451 60 5560 55 1 60 6560 65 | 60 7560 75| 60
4580 451 80 5580 55 | 80 6580 65| 80 7580 75 | 80

2.2 Specimens preparation and experimental
setup

All specimens were cut from consolidated
SRPP sheet by water jet method to decrease the
amount of damage and delamination at the edge
of samples. Top surface of specimens was
cleaned by an isopropanol solution, followed by
applying a white paint as the surface coating to
provide sufficient contrast against stochastic
black dot pattern applied later. The main
equipment employed consisted of an INSTRON
machine and an in-situ 3D-photogrammetric
optical measurement system (the ARAMIS).
The ARAMIS contained of two high speed
CCD cameras installed on a tripod and faced
toward the specimens to record deformations
and their evolutions during uniaxial extension
of samples. The extension rate was set to 10
mm/min and the shutter speed of cameras was
selected as 2 fps (frame per second). Painted
specimens were clamped between grippers of
the INSTRON machine to be extended until
failure. The captured images were employed to
measure and calculate displacements and strains
by kinematics of deformation. The outcomes of
the current investigations were adopted to
clucidate the effect of different parameters on
wrinkling initiation and evolution in pre-
consolidated SRPP specimens for the first time.

3 Results and discussions

3.1 Evolution of out-of-plane displacements
During uniaxial extension of semi-rectangular
specimens, each sample elongated in vertical
direction (Y) and tended to compress in
horizontal direction (X) due to Poisson’s effect.
This generally caused positive major strain
along Y-direction and negative minor strain
along X-direction in samples. The excess
material on the wing of specimens tended to
draw inside the main rectangular region
generating high compressive stresses. In-plane
stiffness of specimens caused a resistance
against flow of material from wings to the main
part, causing a bending moment around
longitudinal symmetry axis of the sample.

Fig. 2: Evolution of out-of-plane displacement
in 4560 sample (From left to right: Y=0 mm,
0.1 mm,5 mm,10,1 2mm)

The evolution of out-of-plane displacements in
4560 specimen at different stages of
deformation is shown in Fig. 2. First image on
the left shows displacements in the fixed
specimen before being clamped by the upper
gripper. This indicates a strain-free condition in
the specimen as it is not subjected to any
external loading yet. The second image
represents induced Z displacements in the
sample after being fixed between both upper
and lower grippers. This is called the gripper’s
effect, as friction between gripper and specimen
caused a small amount of out-of-plane
displacement in the specimen due to inducing
small compressive strains in longitudinal
direction. The next three images depict induced
Z displacements at extensions of Smm, 10mm
and 12 mm respectively, all signifying post
wrinkling behaviour of the specimen. Acute
observations revealed specific behaviour of
SRPP specimens before and after wrinkling
onset:

. Out-of-plane displacements initiate in
two regions: edges of the sample in wing areas
and centre of specimen. However, the directions
of induced out-of-plane displacements in these
two areas are opposite to each other. Edges tend
to buckle in positive direction (outward) while
pole exhibited negative displacement (inward),
or vice versa. The directions of Z-displacements
in these two regions were completely
unpredictable as they were dependent to the
inherit asymmetry of the material caused by
imperfections. However, the induced principal
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strains in concave and convex surfaces were
completely different due to through-thickness
effects commonly observed during bending of
plates and shells.

. Wrinkling waves in the rectangular
section were manifested around the middle of
the specimen or pole. However, by an increase
in Y extension, the highly buckled area
extended more toward both fixed ends of the
specimen along longitudinal direction, depicted
by the dark blue central region. In other words,
the width of the buckled region remained
constant during the experiment, while its length
increased as the applied extension increased.
The transverse buckling waves could be better
visualised in Fig. 3, representing the evolution
of the transverse section in 4560 specimen
during experiment at extensions of 0, 3, /0 and
12 mm. These images reveal the shape of
specimen at different stages of deformation by
the amount of induced out-of-plane
displacements across the transverse section
passing through the middle of the specimen (the
pole).
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Fig. 3: Evolution of transverse section in 4560
specimen (Y is in mm)
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Fig. 4: Evolution of transverse section in 6580
specimen (Y is in mm)

. The evolution of neutral point (surface)
during wrinkling could be observed in Figs. 3
and 4. In Fig. 3 the neutral point moves on a

straight horizontal line, while in Fig. 4 it moves
on a curved path. Initially, the neutral surface is
located toward the outer edges of the wing area.
However, as extension increases, this neutral
surface moves toward the centre of specimen on
a curved path indicated by the arrow. The
observed differences between the evolutions of
spatial coordinates of neutral points during
wrinkling demonstrate dependency of wrinkling
phenomenon to the aspect ratio of SRPP
samples.

o Resultant transverse sections of different
specimens at the last stage of deformation are
depicted in Fig. 5. The identical cross section of
different specimens suggests that the developed
wrinkling wave is dependent to the materials
property such as in-plane components of
stiffness and bending stiffness, or E, G and EI,
respectively (E and G depicts young and shear
moduli, while [ represents moment of inertia of
the section). Therefore, it is reasonable to
conclude that coefficients of the parametric
equation describing quadratic shape of the
curved sections are dependent to the material
property which could be obtained by
characteristic experiments such as uniaxial
extension and bias tests. However, the induced
out-of-plane  displacements  in  different
specimens, represented in Fig. 6, elucidate the
dependency of buckles height to dimensions of
the specimen. Therefore, it is reasonable to
conclude that wrinkling initiation and evolution
and deformed cross-section of SRPP specimens
due to buckling are all functions of both
material properties and specimen geometries.

ry
~
o
.
.
o,
a,

+4580
+5580
6580
<7580
0 10 20 30 40 50 60 70
Section length (mm)

Z displacement (mm)

Fig. 5: Final cross-section of different specimens
prior to failure

o Fig. 6 reveals the dependency of
wrinkling height to both width and length of the
wing area or to the aspect ratio of specimens.
Each series represent a unique width of the
wing area (depicted by parameter a). Horizontal
axis exhibits the length of the wing (parameter
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b) and wvertical axis represents final Z
displacements calculated by adding the heights
of induced wrinkles at both the edge and the
pole locations. The gradient of curves in
different regions is identical. This suggests the
similar effect of width variation in each group
of specimens. However, the overall variations in
the wrinkling heights are not proportional to
these parameters, as the gradients of curves
between 45 to 55 and 55 to 65 series are not
identical.  This suggests a complicated
correlation between out-of-plane deformation
and aspect ratio of SRPP specimens during
wrinkling.

—+-435 series
855 series

9 — .
= 10 2.7 65 series

=175 series

Z displacement (mm)
-
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= f

40 60 80

Specimen width (mm)

Fig. 6: Evolution of Z-displacement in different
specimens

3.2 Evolution and distribution of principal
strains

Major and minor strains distributions
and their evolutions along longitudinal and
transverse cross sections of a typical specimen
are represented in Fig. 7. Strain distributions
along these two axes are represented during
different stages of deformation up to failure.
These evolutions are depicted in terms of
induced out-of-plane  displacements. A
meticulous observation reveals fundamental
behaviour of pre-consolidated woven SRPP
during wrinkling in terms of principal strains’
evolutions:

. Major and minor strains distributions
along transverse section are influenced by
wrinkling behaviour. In pre-buckling stage of
deformation, the distribution of principal strains
is uniform along this section. However, after
Smm of Y-displacement (depicting wrinkling
onset), the major strains are localised more in
the centre of specimen than wings region. This
could be interpreted as the effect of out-of-plane
displacement in reducing the induced principal
strains in wing areas. This is caused by
decreasing wings’ contributions in overall in-
plane stiffness of the specimen after onset of

buckling. The ‘edge effect’” could also be
observed in principal strains’ evolution as their
magnitudes tend to zero near the edges.

Major strain (%)

Maj

Section length(mm)
b) Longitudinal axis

Section length (mm)

a)Transverse axis

Minor strain (%)

Section length (mm)
¢)Transverse axis

Section length (mm)
d) Longitudinal axis

Fig. 7: Evolution of major and minor strains along
longitudinal and transverse axes of 4560 specimen

. Evolution of principal strains along
longitudinal axis is less affected by wrinkling
phenomenon, as the difference between major
and minor strain values at different stages of
buckling is proportional to the buckling height.
In other words, initiation of buckling does not
affect the trend of evolution of principal strains.
Interestingly, the value of major strain in the
middle of the specimen tends to decrease as the
cross section of the specimen becomes larger.
This represents the heterogeneous nature of
strain distribution in the specimen. In other
words, strains in specimens possessing variable
width could not simply be depicted by an
average value, yet its dependency to the
location should also be considered if an accurate
distribution of strains is required. Morcover, the
amount of fluctuations and spiky behaviour in
longitudinal axis is more significant than
transverse section exhibiting a more uniform
and homogenous behaviour in the distribution
of principals trains. The underlying reason for
this behaviour is the angle between fibre
orientation in the specimens and applied loads.
Another effective parameter in wrinkling is the
imposed boundary conditions. All specimens
possessed [0°, 90°] fibre orientations and there
were clamped and loaded along their
longitudinal fibre axes. Therefore, initial
clamping and loading of the specimen caused
high amount of pre-tension in these direction
and therefore influencing the friction condition
between warp (longitudinal) fibres. These
conditions resulted in spiky and non-uniform
behaviour of major and minor strains along
warp (longitudinal) direction caused by the
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change in friction condition between interlacing
yarns.

e Another significant difference between
longitudinal and transverse principal strains
evolution is observed through a more uniform,
less abrupt variations in transverse direction
compared to a rapid variation along longitudinal
axis, between 40mm to 80mm distance along
this axis. The difference between major and
minor strains behaviours in these two
orthogonal directions highlights the effect of
applied boundary conditions and variations of
sample’s width on principal strains’ evolution.
Warp fibres are clamped by the upper and lower
grippers and therefore the induced deformations
are restricted by the enforced boundary
conditions and high pre-tension prior to the start
of experiments. This specific forming condition
results in a more heterogeneous behaviour of
warp compared to weft fibres.

e The difference between major and minor
strains along longitudinal axis at different
buckling heights remains identical. This means
that major and minor strains along longitudinal
axis proportionally vary with wrinkles height.
However, along transverse direction, the change
in principal strains is disproportional to the
induced wrinkles height. This is due to different
response of specimen to uniaxial extension in
wing and rectangular areas, specifically after
onset of buckling. These behaviours are caused
by different boundary and load conditions and
the contact between interlacing yarns.

3.3 Evolution of Wrinkling Limit Diagram

A Wrinkling Limit Diagram (WLD) is a
graphical representation of induced strains in
different regions of a sample before and after
onset of wrinkling. Its significance in industrial
application is manifested through its capability
to distinguish between wrinkled and unwrinkled
regions in strain space and therefore it is widely
employed by product engineers and designers to
determine safe deformation margins. Generally,
in a strain space, different ratios of minor to
major strains exhibit different deformation
modes. These modes include biaxial stretch,
plane strain, uniaxial extension, shear and
wrinkling modes. The attributed strain ratios
depicting these deformation modes are +1, 0, -
0.5, -1 and -2, respectively (as depicted by
parameter SR in Fig. 8). Therefore, a line drawn
in strain space, depicting minor to major strains
of -2, is generally used to differentiate between
wrinkled and unwrinkled areas.

iaxial extension| Plane strain
(SR=0)

o

Biaxial stretch
(SR=+1)

'S

Major Strain (%)

()

0
Minor Strain(%)

Fig. 8: Incorporated deformation modes in a forming

practice
3
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25 : 2 * Z=3mm
. L . Z=5mm
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20 -15 -10 25 0 5
Minor strain (%)

Fig. 9: Wrinkling Limit Diagram of 5580 specimen
at different stages of deformation

To investigate the validity and applicability of
this wrinkling measure on woven thermoplastic
composites, the evolution of surface strains in a
pre-consolidated woven SRPP is investigated.
This measure was used to clarify the evolution
of principal strains prior and after buckling
onset in specimens. Fig. 9 represents WLD of a
typical SRPP specimen during various stages of
a modified Yoshida buckling test. These stages
include one stage prior to buckling initiation,
and post-buckling stages including Z
displacements of 3mm, Smm and 6.5 mm. It is
noticeable that wrinkles heights were measured
on a point near the edge of the wing and they do
not depict total wrinkling height in 5580
specimen measured by the difference between
displacements at the pole and the edge.

Prior to buckling initiation, the strain
distributions in 5580 specimen were located
between uniaxial extension and plane strain
modes. The surface of specimen did not
experience out-of-plane displacements and
therefore wrinkling predictions based on
outcomes of the wrinkling limit diagram
deemed to be reliable. However, after onset of
buckling, signified by Z of 3mm, the surface
strains distribution evolved in strain space,
occupying a region between uniaxial extenstion
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and shear deformation mode. Small amount of
surface strains were positioned under wrinkling
limit line, predicting a small region on the
specimen  experiencing  wrinkling.  This
prediction could be justified by observing a very
small area in the centre of specimen
experiencing  negative minor strain  or
compressive strain (Fig. 10). However, the
points located below the wrinkling limit curve
do not contain all points experiencing wrinkling
including wing areas. The increase in extension
caused a significant growth in both the
magnitude of compressive strains developed in
the specimen and the area experiencing negative
minor strain (Fig. 9 and 10). However, by
increasing the value of Z-displacement and
enlarging the affected area, the wrinkling limit
diagram moved away from strain ratio of -2
toward uniaxial extension mode. It can be
observed from Fig. 10 that although the
maximum minor strain has increased from -5%
in Z=3mm to minor strains of -8% and -15% in
7Z=5 and 6.5mm respectively, disproportional
increase in major strain caused strain
distribution to deviate from wrinkling limit
diagram toward higher strain ratios.

(b) Z=5mm

Fig. 10: Distribution of minor strains at different

stages of deformation in 5580 specimen: a) Z=3 mm
b)Z=5 mm ¢)Z=6.5 mm

(a) Z=3mm

(€) Z=6.5mm

These observations are contradictory to the
common behaviour of metals representing strain
ratio of -2 during wrinkling. The experimental
outcomes  reveal woven  thermoplastic
composite materials do not necessarily follow
common wrinkling path in a strain space and
the evolution of strains in SRPP specimens does
not necessarily intersect with wrinkling limit
curve during wrinkling. The underlying reason
is probably different mechanisms triggering
onset of buckling in metals and woven
composites. This suggests that wrinkling
initiation in a woven thermoplastic composite
cannot be accurately predicted by merely using
a wrinkling limit diagram. Therefore a more

effective wrinkling predictor is required if
wrinkling  should be avoided during
manufacturing of components made of woven
composite materials. Applying an efficient,
reliable and convenient wrinkling predictor is
necessitated in high-volume industries where a
combination of rapid production methodology
and low-cost manufacturing is desirable. Wide-
spread application of woven thermoplastic
materials in industries demanding low-weight,
high strength and environmental friendly
materials, requires application of an effective
method to predict and to hamper wrinkling.
This would be the subject of future research on
wrinkling of woven composites.

4. CONCLUSIONS

Wrinkling is a common instability observed
during manufacturing components made of thin
sheets. This is an undesirable phenomenon as it
affects both functionality and appearance of
products. Wide spread application of light-
weight, high strength components made of
woven thermoplastic composite materials
necessitates a systematic approach in studying
of the response of these materials when
subjected to compressive strain and stress states.
This facilitates finding proper measures to
predict and hamper wrinkling during
manufacturing components made of woven
composites. To investigate the wrinkling
behaviour of a woven pre-consolidated self-
reinforced polypropylene, twelve samples
possessing specific geometries were subjected
to uniaxial extension via a modified Yoshida
buckling test. The specific geometry of these
specimens caused high compressive stresses in
the material leading to onset of out-of-plane
deformations during some stages of uniaxial
deformation.  Results of an  optical
photogrammetry =~ measurement  elucidated
distribution and evolution of displacements and
strains in different regions of specimens before
and after wrinkling onset. It was found out that
wrinkling was initiated from the wing and
central areas of the specimens as a result of
Poisson’s effect, although directions of induced
out-of-plane displacements in these two regions
were opposite to each other. The similarity in
deformed cross sections of specimens due to
buckling, suggested the dependency of out-of-
plane deformations on material properties.
However, variations in specimens’ aspect ratios
affected the height of wrinkles. Therefore, it
was concluded that wrinkling deformation in
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woven SRPP was not only a function of
material properties, but also was affected by
specimen geometry. Evolution of principal
strains along transverse and longitudinal axes of
specimens revealed the effect of width
variations, boundary conditions and load
orientation on major and minor strains. Due to
these effective parameters, the fluctuations and
spiky behaviour in induced strains was more
pronounced in longitudinal than transverse
directions. The distribution of principal strains
revealed the heterogeneous behaviour of SRPP
during wrinkling and therefore revealed the
unsuitability of employing an average strain

References:

1. Suppakul P., Bandyopadhyay S., “The
effect of weave pattern on the mode-I
interlaminar ~ fracture energy of E-
glass/vinyl ester composites”, Composites
Science and Technology, 62 (2002), 709-
717.

Goodwin G.M., “Application of strain

analysis to sheet metal forming problems

in the press shop™, Metallurgia Italiana, 60

(1968), 764-774.

3.  Hecker S.S., “Simple technique for
determining forming limit curves”, Sheet
metal industries, 53 (1975), 671-675.

4. Sexton A., Cantwell W.J.,
Kalyanasundaram S., “Stretch forming
studies on a fibre metal laminate based on
a self-reinforcing polypropylene
composite”, Journal of Composite
Structures., 94 (2012).431-437.

5. Mosse L., Cantwell W.J., Cardew-Hall
M.J., Compston P., Kalyanasundaram
S. “The Effect of process temperature on
the formability of fibre-metal laminates”,
Composites Part A, 36 (2005), 158-166.

6. Mosse L., Compston P., Cantwell W.J.,
Cardew-Hall M.J., Kalyanasundaram S.
“Stamp forming of polypropylene based
fibre-metal laminates: The effect of
process variables on formability”, Journal
of materials processing technology, 172
(2006), 163-168.

7.  Kalyanasundaram S., DharMalingam
S.. Venkatesan S., Sexton A., “Effect of
process parameters during forming of self-
reinforced  PP-based fibre  metal
laminates”, Composite structures, 97
(2012), 332-337.

8. A. Zanjani N., Kalyanasundaram 8.,
“Induced forming modes in a self-
reinforced polypropylene sheet during

2

measure to predict and prevent wrinkling.
Examination of common wrinkling predictors
on pre-consolidated SRPP specimens, such as a
wrinkling limit diagram, elucidated their
inefficiency on predicting wrinkling in this class
of composite materials. This study revealed the
importance of considering the wrinkling
mechanism associated with wrinkling onset in a
woven composite. Therefore it is suggested that
a novel predictor based on local strains should
be sought if a more accurate wrinkling predictor
1s required for this class of composites.

Composites Part A: Applied Science and
Manufacturing, 68 (2015), 251-263.

9. A, Zanjani N., Wang W.,
alvanasundaram S., “The effect of fibre
orientation on the formability and failure
behaviour of a woven self-reinforced
composite during stamp forming”, ASME
— J. Manuf. Sci. Eng (2015). (in press)
(doi:10.1115/1.4030894)

10. Wang W., Lowe A., Davey S., A.
Zanjani N., Kalyanasundaram S,
“Establishing a new forming limit curve
for a flax fibre reinforced polypropylene
composite  through stretch  forming
experiments”, Composites Part A: Applied
Science and Manufacturing, 77 (2015),
114-123.

I1. Thiruvarudchelvan S., Loh N.H., “Deep
drawing of cylindrical cups with friction-
actuated blank holding”, Journal of
Materials Processing Technology, 40
(1994), 343-358.

12. Triantafyllidis N., Needleman A., “An
analysis of wrinkling in the Swift cup test’,
Journal of Engineering Materials and
technology, 102/3 (1980), 241-248.

13. Samanta S.K., Mitra A., Maity AK.,
“3D finite element analysis of wrinkling in
the swift-cup test: Onset and growth”,
Publication of American Society of
Mechanical Engineers, 39 (1992), 75-86.

14, Lee L.H.N., “Ineclastic buckling of
cylindrical shells under axial compression
and internal pressure”, Proceedings of the
Seventh Midwestern Mechanics
Conference, 1(1961), 190-202.

15. Paquette J.A., Kyriakides S., “Plastic
buckling of tubes under axial compression
and internal pressure”, International
Journal of Mechanical Sciences, 48 (2006),
855-867.

16. Cheng H.S., “Experimental and numerical

stretch  forming process at room analysis of the buckling and post-buckling
temperature:  I-Experimental ~ Studies”, phenomenon in the Yoshida test”,
Proceedings  of the  International

Advanced Composites Letters, Vol. 24, Iss. 5, 2015 Page 96

134



Conference on Manufacturing Science and
Engineering, 2000.

Wan M., “Wrinkle behaviour of
automobile thin sheet metals by modified
Yoshida buckling test”, Material science
and technology, 12 (2004), 442-445.

Kim J.B., “Wrinkling initiation and
growth in modified Yoshida buckling test:
finite element analysis and experimental
comparison”, International Journal of
Mechanical Sciences, 42 (2000), 1683-
1714,

Wang X., Cao J., “On the prediction of
side-wall wrinkling in sheet metal forming
processes”,  International Journal of
Mechanical Sciences, 42 (2000), 2369-
2394,

Lu H., Cheng H.S., Cao J., Liu W.K.
“Adaptive enrichment meshfree simulation
and experiment on buckling and post-
buckling analysis in sheet metal forming™,
Computer Methods in Applied Mechanics
and Engineering, 194 (2005), 2569-2590.
Chenga H.S., Cao J., Yaob H., Liu S.D.,
Kinsey B., “Wrinkling behaviour of

22.

24.

25.

laminated steel sheets”, Journal of
Materials Processing Technology, 151
(2004), 133-140.

Cao J., Wang X, Mills F.A,
“Characterization of sheet buckling
phenomenon subjected to controlled
boundary constraints”, ASME J. Manuf.
Sci. Eng., 124 (2002), 493-501.
Narayanasamy R., Loganathan C.,
“Some studies on wrinkling limit of
commercially purealuminium sheet metals
of different grades when drawn through
Conical and Tractrix dies”, International
Journal of Mechanics and Materials in
Design , 3 (2006), 129-144,
Narayanasamy R., Sathiya Narayanan
C., “Wrinkling behaviour of interstitial
free steel sheetswhen drawn through
tapered dies”, Materials and Design, Vol.
28 (2007), 254-259.

Schleich R., Albiez C., Papaioanu A.,
MBA M.L., ‘Investigation on simulation
of buckling of aluminium sheet alloys’, 7th
European LS-DYNA Conference, 2009,

2d Composites Letters, Vol. 24, Iss. 3, 2015

Page 97

135



Chapter 9

Summary and future work

9.1 Introduction

Currently, there is a major concern regarding application of composites in high volume
industries to address energy consumption and sustainability issues. Woven thermoplastic
composites have shown potential to be used in a wide range of applications owing to their
full recyclability, balanced thermomechanical properties, and ease of processing compared
to thermosets. However, forming and failure behaviours of thermoplastic composites are
different from their thermoset counterparts as a result of their dissimilar microstructure and
polymeric bonds. As such, conventional failure models developed for thermoset
composites are not suitable for predicting failure in woven thermoplastic composites made
by high volume manufacturing processes. According to a recent survey on performance
and accuracy of existing failure theories (WWFE), existing models are incapable of

accurately predicting failure in composites under complicated loading conditions.

The current research aims at developing a fundamental understanding of the formability
and failure behaviour of woven thermoplastic composites. This project targets studying
forming, failure, and wrinkling behaviours of woven thermoplastic composites through
combined experimental and numerical analyses. A custom-built press with a hemispherical
punch was used to form specimens into an open die until failure. A three-dimensional real
time photogrammetry system was used to capture deformations and strains on the surface
of samples during all stages of deformation. A failure limit diagram was constructed to
capture failure of the composite under a wide range of deformation modes. Characterisation
experiments were conducted to develop a constitutive material model for the woven

composite. Material and failure models were implemented into a finite element simulation
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to predict formability and failure of a woven thermoplastic composite and assess its

reliability and accuracy by benchmarking against experiments. In the last part of this thesis,

an innovative modified Yoshida buckling test was designed and for the first time wrinkling

behaviour of a woven composite using a wrinkling limit diagram was studied. Evolution of

strains before and after wrinkling initiation was captured and it was concluded that an

indicator based on instantaneous gradient of the strain ratio could effectively capture

wrinkling initiation in composites.

9.2 Contributions

A novel experimental set-up was designed to study forming and failure of pre-
consolidated woven thermoplastic composites including a self-reinforced
polypropylene composite (SRPP) and a glass fibre reinforced polypropylene
composite (GRPP).

Specimens having semi-rectangular geometries, with different aspect ratios and
fibre orientations, were stretch formed by a hemispherical punch in an open die
equipped with a built-in lock ring system. Surface strains were measured using
an in-situ photogrammetry measurement system and a digital image correlation
technique.

Principal strains were captured during forming and plotted in a two-
dimensional space to construct a path dependent failure envelope for the SRPP
composite.

The failure envelope was used to develop an analytical failure model for the

SRPP composite based on induced deformation modes and principal strains.
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The effect of fibre orientation, specimens’ aspect ratio and boundary condition
on formability, strain evolution, and failure mechanism of woven composites
were studied.

Consolidated composite specimens were characterised through uniaxial and
bias extension tests using a universal testing machine, real time strain
measurement system and dynamic extensometers.

Characterisation experiment results demonstrated a highly nonlinear
dependency between longitudinal and transverse strains of SRPP composite
during deformation. This behaviour necessitated adopting an incremental
approach to re-define Poisson’s ratio of the composite.

Constitutive equations were used to develop a nonlinear orthotropic material
model. This model was implemented into a user defined material system
(UMAT) using FORTRAN.

Stretch forming of a woven composite was modelled in a finite element
simulation software (Abaqus/implicit). UMAT was incorporated into the
analysis to predict and benchmark formability and failure of the SRPP
composite against experimental results.

Strain path at the pole of specimens, strain distribution and evolution at
different depths of forming, and failure onset and loci were used as measures
to evaluate accuracy and reliability of the numerical model. FEA results showed
a very good agreement with experiments.

A novel modified Yoshida buckling test was designed to study failure of the
consolidated SRPP composite under compressive state of stress.

Specimens with different fibre orientations and aspect ratios were tested using

a universal testing machine and a real time strain measurement system.
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o Distribution and evolution of strains before and after wrinkling onset were

examined using a photogrammetry strain measurement system.

9.3 Summary of findings

1. Stretch forming studies have been conducted on a woven self-reinforced
composite to investigate the formability of the composite and develop a strain-
based failure criteria for predicting failure under a wide range of deformation
modes.

2. Specimens with different aspect ratios were stretch formed to induce failure
under a wide range of deformation modes.

3. Outcomes of these experiments showed that due to a uniform strain distribution
and the absence of localised thinning, the woven self-reinforced composite
could be formed into complex doubly-curved geometries without experiencing
failure.

4. The combined effect of boundary condition, aspect ratio and fibre orientation
of specimens resulted in forming and failure under a specific mode of
deformation including biaxial stretch, plane strain, uniaxial extension, shear
deformation and wrinkling.

5. Localised strain ratio, defined by the ration of minor to major strain, and the
strain path at a specific location determined whether a composite forms or fails
under a particular forming condition.

6. A change of fibre orientation in SRPP composite facilitates achieving higher
forming depths in areas prone to failure due to a change in deformation mode.

7. A change in fibre orientation causes a drastic change in the observed failure

mechanism during forming of SRPP composite.
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11.

12.

13.

14.

15.

16.

Structural and mechanical properties of reinforcements have a noticeable
impact on formability and failure behaviour of woven thermoplastic
composites.

Results of forming tests demonstrated that the formability of a consolidated
composite depends strongly on type of reinforcements and induced deformation
modes.

Results of stamp forming on a glass-fibre reinforced (GRPP) and a self-
reinforced polypropylene (SRPP) composite showed that the former mainly
fails due to fibre fracture while the latter fails by a combined failure
mechanisms due to identical properties of reinforcements and the matrix.
Forming and failure off GRPP composite are highly sensitive to the strain path
while in SRPP composite deformation mode has a more pronounced impact.
Reinforcements used in SRPP are ductile as opposed to brittle nature of glass
fibres in GRPP. Thus, SRPP can sustain large deformations before catastrophic
failure while failure in GRPP initiates early during forming until total failure of
the structure.

Poisson’s ratio and coefficient of friction have a major impact on the
formability of narrow SRPP samples, while in wider specimens shear stiffness
and young’s modulus have a more pronounced effect.

Shear deformation plays a major contribution in the formability of SRPP.
Result of wrinkling experiments showed that severity and height of wrinkles
were dependent to the aspect ratio of specimens.

It was shown that the gradient of principal strains is a more suitable measure to
predict onset of compressive instabilities than a wrinkling limit diagram. This
measure can be used as a universal criterion to predict wrinkling onset in a wide

range of material systems including woven thermoplastic composites.
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9.4 Future work

e It is expected that high temperature forming of the composite facilitates
achieving greater depth of deformation due to a reduced shear stiffness and
requires further investigations.

o Material properties of woven composites should be characterised at elevated
temperatures. The results can be used to study the effect of temperature on
evolution of mechanical properties and develop a temperature-dependant
constitutive equation for the woven SRPP composite.

e Forming studies need to be undertaken at high temperatures to determine the
optimum process parameters and study failure mechanisms of the SRPP
composite under different deformation modes and forming temperatures. The
results would be adopted to develop a temperature dependant FLC for SRPP.

e High temperature material and failure models obtained by experimental studies
could be incorporated into a coupled thermomechanical finite element analysis
to predict forming and failure behaviours of woven composites under complex
loading conditions.

e Using a biaxial testing machine, forming and failure behaviours of the
composite under different strain paths at room and elevated temperatures can
be studied. Results can be used to validate and refine the proposed failure
model, if necessary.

e Using Scanning Electron Microscopy (SEM) and CT-scan techniques can
reveal initiation and evolution of micro-cracks in woven composites and their
relation with modes of deformation. The results can be adopted to develop a

multi-scale failure model.
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Figure Al: Stress-strain curves of SRPP obtained from uniaxial extension of six

[0°,90°] specimens compared with the analytical curve
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Figure A2: Conventional Poisson’s ratio of SRPP obtained from uniaxial extension of

three [-45,+45] specimens compared with the analytical curve
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Figure A3: A comparison of analytical and experimental shear stress-strain graphs of

SRPP composite obtained from bias extension test resu
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