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ABSTRACT
The objective of this study is to improve the understanding of the stress distributions
and failure mechanisms experienced by carbon-carbon composite aircraft brake discs
using finite element (FE) analyses. The project has been carried out in association
with Dunlop Aerospace as an EPSRC CASE studentship. It therefore focuses on the
carbon-carbon composite brake disc material produced by Dunlop Aerospace,
although it is envisaged that the approach will have broader applications for
modelling and mechanical testing o f carbon-carbon composites in general. The disc
brake

material

is

a

laminated

carbon-carbon

composite

comprised

of

poly(acrylonitrile) (PAN) derived carbon fibres in a chemical vapour infiltration
(CVI) deposited matrix, in which the reinforcement is present in both continuous fibre
and chopped fibre forms.

To pave the way for the finite element analysis, a comprehensive study of the
mechanical properties of the carbon-carbon composite material was carried out. This
focused largely, but not entirely, on model composite materials formulated using
structural elements o f the disc brake material. The strengths and moduli of these
materials were measured in tension, compression and shear in several orientations. It
was found that the stress-strain behaviour of the materials were linear in directions
where there was some continuous fibre reinforcement, but non-linear when this was
not the case. In all orientations, some degree of non-linearity was observed in the
shear stress-strain response of the materials. However, this non-linearity was
generally not large enough to pose a problem for the estimation of elastic moduli.
Evidence was found for negative Poisson’s ratio behaviour in some orientations of the
material in tension. Additionally, the through-thickness properties of the composite,
including interlaminar shear strength, were shown to be positively related to bulk
density. The in-plane properties were mostly unrelated to bulk density over the range
of densities of the tested specimens.

Two types of FE model were developed using a commercially available program. The
first type was designed to analyse the model composite materials for comparison with
mechanical test data for the purpose of validation of the FE model. Elastic moduli

predicted by this type of FE model showed good agreement with the experimentally
measured elastic moduli of the model composite materials. This result suggested that
the use of layered FE models, which rely upon an isostrain assumption between the
layers, can be useful in predicting the elastic properties of different lay-ups o f the disc
brake material.

The second type of FE model analysed disc brake segments, using the experimentally
measured bulk mechanical properties of the disc brake material. This FE model
approximated the material as a continuum with in-plane isotropy but with different
properties in the through-thickness direction. In order to validate this modelling
approach, the results of the FE analysis were compared with mechanical tests on disc
brake segments, which were loaded by their drive tenons in a manner intended to
simulate in-service loading. The FE model showed good agreement with in-plane
strains measured on the disc tenon face close to the swept area of the disc, but
predicted significantly higher strains than those experimentally measured on the tenon
fillet curve. This discrepancy was attributed to the existence of a steep strain gradient
on the fillet curve.
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CHAPTER 1
INTRODUCTION
1.1

Overview

Carbon-carbon composites consist of carbon fibres embedded in a carbon matrix.
They are o f primary interest for specialist aerospace applications requiring their
specific combination o f favourable mechanical and thermal properties. Mechanical
characteristics of carbon-carbon composites include high strength to weight ratio, high
stiffness, resistance to brittle cracking (toughness) and their retention at high
temperatures. Typical thermal properties include good thermal conductivity, high
specific heat capacity and a low coefficient of thermal expansion. However, their high
manufacturing cost and lack o f high temperature oxidation resistance limit their
application.

The development o f carbon-carbon composites began in the late 1950s primarily for
use in rocket and missile components such as heat shields and engine nozzles. In the
early 1970s, carbon-carbon composites for aircraft brakes were developed in order to
meet the demand for weight savings for the supersonic aircraft Concorde. At the time,
the high cost o f these brake materials limited their use to military aircraft and
Concorde. However, cost reductions resulting from improved manufacturing
processes have since made their use economically viable in many commercial aircraft.
Carbon-carbon composites are now the standard materials for aircraft disc brakes,
resulting in significant weight savings (up to 800 kg on a Boeing 747 [1]) and extended
service lives compared to their sintered metal predecessors. Brake discs for
commercial aircraft now represent the largest application of carbon-carbon
composites in terms of both volume and value.

As a result, an interest exists in further understanding the performance o f these
materials, including their mechanical performance. This project was conceived to
study the mechanical properties of the specific carbon-carbon composite developed
and manufactured by Dunlop Aerospace for aircraft brakes with a view to improving
finite element (FE) analysis o f the discs, where there is specific interest in the tenon
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Although prompted by the particular composite design used by Dunlop

Aerospace, it is expected that the approach used could be more widely adopted, given
the similarities between the composite architecture of the Dunlop carbon-carbon
composite and other carbon-carbon composites for the same application.

This thesis is structured as follows. The current introductory chapter describes firstly
carbon-carbon composites in general, with emphasis on their structure, constituents
and manufacturing routes. This is followed by a description of carbon-carbon
composites for aircraft brakes before an examination of the Dunlop carbon-carbon
composite specifically. This leads to a statement of objectives (Chapter 2). A further
introductory chapter explains the FE method and reviews published work on FE
modelling of carbon-carbon composites. Chapters 4 concerns the selection o f an
appropriate and realistic modelling approach for the material and considers the
mechanical tests required in order to produce the required material property data. The
experimental and FE work is presented in Chapters 5-9 of the thesis. Firstly,
experimental methods are described followed by presentation and discussion of the
experimental results (Chapters 5 & 6). The FE methods and results are presented in
Chapters 7 and 8 respectively. Finally, torsion strength tests carried out on disc brake
segments for comparison with the FE modelling are described in Chapter 9. The final
part of the thesis draws together the conclusions from this work and considers
possible future work.
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Carbon-carbon composites

This section is intended to provide an introduction to carbon-carbon composites in
general. Following a brief introduction to these materials, the different allotropes and
some engineering forms of the element carbon are described in order to explain the
structure and properties of carbon-carbon composites. Different types of carbon
fibres, their manufacturing routes and properties are then discussed, followed by a
description o f the different ways that these fibres can be arranged to form different
fibre architectures (lay-ups). The methods used to add the carbon matrix to the
composite are then described. Finally, the typical properties of carbon-carbon
composites are examined with emphasis on how they are affected by using various
fibres and lay-ups.

1.2.1

Introduction to carbon-carbon composites

A composite material consists of two or more components combined so as to
maximise the desirable properties of the constituents whilst simultaneously mitigating
their undesirable properties. Carbon-carbon composites are made up of carbon fibres
embedded in a carbonaeceous matrix and are unusual in that both constituent phases
are composed of the same material, albeit of different morphologies. They fall into the
class of ceramic-ceramic composites, and combine the high specific strength and
stiffness of carbon-fibre composites with refractory properties. The carbon fibres
provide strength and stiffness. By adopting a weak fibre-matrix interface, the
propagation of brittle cracks from the ceramic matrix into the fibres can be
suppressed, lending toughness to materials that are generally brittle.

The development of carbon-carbon composites began in the late 1950s for aerospace
applications due to their good mechanical properties, high temperature resistance and
the weight savings they afford. Initially the interest was in heat shields, it was only
later that the material was applied to brakes. According to Buckley [2] and Becker [3],
development began in 1958 under the USAF space plane program, Dyna-Soar and
Apollo projects. Intensive research was conducted for the Space Shuttle, which uses
carbon-carbon leading edges [3,4]. Aside from brakes and heat shields, carbon-carbon
composites are also used in rocket engine nozzles, glass making machinery, racing car
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clutches, high temperature fasteners and gas turbine applications [1, 2’ 4]. These are
relatively minor in volume compared to their use in brakes. For all of these different
applications, the carbon-carbon composites used are not exactly the same due to their
specific requirements. Carbon-carbon composites form a class of materials with a
large degree o f variety in physical, chemical and mechanical properties. This fact
arises from the potential to use various types of constituents and processing routes.
Thom as[5] grouped these variables into four categories, fibre type, fibre lay-up, matrix
type and processing variables. The first three of these are discussed in Sections 1.2.3
to 1.2.5. Given that there are three main fibre types, several fibre lay-ups, three main
types o f matrix (excluding combined matrix types) and many important processing
variables, it is evident that the number of possible combinations is large. These
variables can be carefully manipulated to produce a type of carbon-carbon composite
suited to a specific application.

Since the first applications of carbon-carbon composites were military, there was little
published work on them until the 1990s. Additionally, it is in the interest of carboncarbon composite manufacturers not to disclose full details of their manufacturing
methods. This secrecy centres on the exact processing conditions such as heat
treatments, which are not so easily apparent from an examination of the final product
as fibre type, lay-up and matrix type (which are explained in Sections 1.2.3 to 1.2.5).
The subject o f carbon-carbon composites was reviewed authoritatively by Savage
in 1993. In the same year, another book covering several aspects of carbon-carbon
composites was published [6\ edited by Thomas. Subsequent review papers on a
smaller scale include those by Sheehan, Buesking and Sullivan [7] and W indhorst[8].
The area o f oxidation protection o f carbon-carbon compostes, using both internal
protectants (doping) and external protectants (coating) is an area of ongoing research
[7, 8]^

4

Chapter 1

1.2.2

Introduction

Crystalline and semi-crystalline forms of carbon

In order to explain the structure and properties of a carbon-carbon composite, a basic
description of the different forms of carbon is essential. Therefore this section
provides a brief overview of the allotropic forms in which elemental carbon can be
found and describes their bonding, microstructure and properties.

vQ y

(d)

Figure 1.1

The structures of various forms of carbon, cubic diamond (a),

hexagonal graphite (b), fullerenes (c) and nanotubes (d), after McEnaney[9].

Carbon is the sixth element in the periodic table, atomic weight 12.001. Its electronic
9

9

9

ground state is Is 2s 2p but energetic advantage is gained from involving all four
outer orbital electrons in bonding by hybridisation of electronic orbitals. Three types
of hybridisation can occur, known as sp3, sp2 and sp hybridisation, which lead to the
formation of single, double and triple bonds covalent bonds respectively. In the case
of double and triple bonding, additional overlap of unhybridised p orbitals occurs
between bonded atoms. Carbon exhibits extensive ‘catenation’ (bonding to itself)
forming an extensive range of chains, rings and networks. As a result of being able to
form four bonds with itself and other elements, or rings as described above, it
possesses the capability to form an exceptionally wide range of compounds, thus
forming the basis of organic chemistry. In rings with alternate single and double C-C
5
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bonds, the overlapping p orbitals are hybridised into a n orbital. In elemental form,
carbon can exist in three allotropic forms, diamond (Figure 1.1 (a)), graphite (Figure
1.1 (b)) and fullerenes (Figure 1.1 (c)), of which the first two can be found in nature.
The elastic properties of these allotropes are shown in Table 1.1.

Diamond
Diamond usually occurs in cubic form in which each carbon atom is linked by sp3 a
covalent bonds to four others in a tetrahedral array. The high volumetric density of
these bonds gives diamond the highest stiffness of any known material. It is the
thermodynamically stable allotrope of carbon at high pressure and is metastable at
atmospheric pressure. Diamond is the hardest known substance and consequently
finds widespread industrial use for applications such as cutting, grinding and
polishing. There is also interest in diamond coatings deposited from the vapour phase.
However, due to its scarcity and the fact that it only occurs in small dimensions,
diamond cannot be used for structural applications as can graphite.

Graphite
Graphite consists o f layers, known as graphene planes, of hexagonally arranged
carbon atoms chemically bonded to each other by sp o bonding and delocalised n
bonding. The high areal density of these bonds gives graphite a theoretical in-plane
stiffness approaching that o f diamond (Table 1.1). Interplane bonding is by weak Van
der Waals interactions between the delocalised electrons above and below each
graphene plane, resulting in a much lower stiffness normal to the planes. The two
forms of graphite, hexagonal and rhombohedral, arise from the two possible stacking
sequences of the layers which are ABAB or ABCABC respectively. Hexagonal
graphite is the more stable of the two and accounts for the vast majority of naturally
occurring graphite. Rhombohedral graphite is rarely found in a pure form and can be
considered as an extended stacking fault in hexagonal graphite. Its proportion can be
increased by shear deformation and upon heating above 1600°C it transforms to the
hexagonal form. This laminar nature of graphite explains its lubricant properties,
which result from the layers being able to slide over one another easily as a result of
the weak Van der Waals forces between them. However, it is the high in-plane
stiffness of the layers that is of primary interest for their use as engineering materials.
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Fullerenes

Fullerenes or Buckyballs (C6 o and C70 ) form face centred cubic or hexagonal close
packed crystals in which the molecules are bound together by Van der Waals
interactions. The absence o f any long-range covalent bonding results in very different
properties from the other two allotropes of carbon, with a Young’s modulus within the
range found for organic crystals. Since their discovery in 1985 by Kroto et al [10],
fullerenes have generated considerable interest due to their chemical properties.
Nanotubes (Figure 1.1 (d)) are a form of carbon related to fullerenes, consisting of a
fullerene type structure in the form of a tube rather than a ball. Theoretically, the axial
properties of nanotubes should be very high, although currently they cannot be made
in sufficient lengths to be of use as an engineering material. Since nanotubes do not
crystallise together with long range order they are not strictly speaking an allotrope of
carbon.

Diamond (cubic)

G raphite

C 60

Density / g cm'3

3.52

2.26

1.72

Young’s modulus / GPa

1054

1020a, 36.3b

16

Bulk modulus / GPa

442

286

6.8

Shear modulus / GPa

505

440a, 4.5b

a Parallel to basal planes, b Perpendicular to basal planes.

Table 1.1

Elastic properties o f single crystals of different forms of carbon [nl.

Engineering forms o f carbon
Graphite is the allotrope o f carbon upon which engineering forms of carbon are based.
However not all the engineering forms of carbon are graphite or even graphitic.
According to McEnaney [11], ‘The vast majority of engineering forms of carbon have
more or less disordered microstructures based on that of graphite’. Just as most metals
in bulk form are not atomically perfect single crystals, consisting of many separate
interlocking crystals of different crystallographic orientation and containing a number
of defects such as vacancies, interstitials and dislocations, the structures of most
carbon materials contain many defects over many scales. Crystalline imperfections in
the stacking of the graphene planes is known as graphitic disorder, the degree of
which can range between crystalline perfection approaching that of single crystal
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graphite and complete disorder as seen in isotropic carbon. A graphitic structure
where the graphene planes have some degree of orientation, but not perfect alignment,
is known as turbostratic. Obviously, the degree of graphitic order will have an effect
on the mechanical properties of a carbon material due to the anisotropy of the graphite
structure. This is evident in the difference between carbon fibres with an isotropic
structure and those that have been graphitised under tension. However a high degree
of graphitic order does not automatically translate into utilisation of the high strength
and stiffness of the graphene planes, for example a polycrystalline graphite may be
highly graphitic yet have a low stiffness since its grains have little or no preferred
orientation. The presence of grain boundaries forming an easy path for cracks will
also reduce the strength. This illustrates the effect of defects at larger scales than that
of the stacking of the graphene planes. Engineering carbons can be divided into those
that are graphitisable and those that are not. Graphitisation heat treatment is a process
of heat treatment of non-graphitic carbon [12] into graphitic carbon at temperatures
between 2500 and 3300 K. This process is sometimes used in the production of
carbon fibres, depending upon the properties that are required and is shown
schematically in Figure 1.2.

900 C
1200*C
1400 C

Figure 1.2

A schematic representation of a graphitising carbon showing the

changes in lamellar structure with increasing heat treatment temperature [13].
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The term carbon without an accompanying adjective should be used only to refer to
the chemical element carbon. The reason for this is to avoid confusion between the
many different forms of carbon. A list defining the different terms used to describe
different forms of carbon has been published in the journal Carbon[12].

1.2.3

Carbon fibres

Fitzer [14] states that the term carbon fibre is used to describe fibres that contain at
least 92 % carbon by weight. Although carbon fibres were prepared from cotton and
bamboo by Thomas Edison and patented in the USA in 1880 for use in filaments in
incandescent lamps [14,15], it was not until the mid twentieth century that carbon fibres
for structural applications were developed. According to M ays[15], the development of
modem carbon fibres in the late 1950s was driven by the demand for improved
strong, stiff and lightweight materials for aerospace and aeronautical applications,
particularly military ones in the West. The original work on these fibres was carried
out by Union Carbide in the USA, by Shindo in Japan and Watt in the U K [1’ 15].

A wide range of carbon fibres is commercially available. As is the case with the
composites that can be made using them, a great degree of variety exists in their
properties due to their precursors and processing. Additionally, the properties o f the
fibres may be further altered by heat treatments during carbon-carbon composite
manufacture. Chung [16] states that although carbon fibres can be fabricated from pitch
fibres, polymer fibres or carbonaceous gases such as acetylene, those made from
carbonaceous gases can only be made in short lengths (~1 mm) and are therefore not
in widespread use. Two polymer precursors can be used to produce carbon fibres,
both of which are long chain carbon backed polymers. These are rayon and
poly(acrylonitrile) (PAN) having in common with pitch the ability to undergo thermal
decomposition into carbon. The orientation of the graphene planes has a critical effect
on the properties o f the carbon fibres, since orienting the graphene planes closely with
the axis of the fibres confers to them the high stiffness along the crystallographic a axis. Broadly speaking there are three main stages in the production of carbon fibre,
although the exact details and conditions used of these can vary. These stages are
known as oxidation or stabilisation, carbonisation and graphitisation and are
accomplished by drawing the fibres through three furnaces, each at a higher
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temperature than the previous one. The exact process temperatures can be varied in
order suit the precursor type and to control the properties of the resulting fibre. The
production processes used to produce carbon fibres from rayon, PAN and pitch are
described individually as follows.

Carbon Fibres from Rayon

Second roll, driven
quicker than first
to elongate fibres

Air or oxygen
Inert atm osphere

Rayon fibres
H,0. CO CO, v i

Ters CO COr.

CM.M,

/////

Oxidation furnace
(- 500'C )

Figure 1.3

Carbonization furnace
(1000-2000'C )

Graphitization furnace
(2500-3000‘C)

Overview of process used to produce carbon fibres from rayon [17].

The chemical composition of rayon is C6 H 1 0 O5 , giving a carbon yield of 20-25 % [1].
Figure 1.3 summarises the stages involved in the production of carbon fibres from
rayon. Following a chemical pre-treatment to reduce oxidation time, the rayon fibres
enter the oxidation furnace, which is at 300-500°C, resulting in the loss of 50-60 % of
fibre mass as decomposition products (H2 O, CO and CO2 ) during oxidation.
Carbonisation is then carried out in an inert atmosphere at around 1500°C causing
further weight loss as CO, CO2 , tars and hydrocarbons. These fibres exhibit an
isotropic structure, poor alignment of graphene planes with respect to the fibre axis
and therefore poor mechanical properties. This necessitates a graphitisation stage
carried out under tension at 2500-3000°C. However, this final stage is expensive and
the mechanical properties, which include low tensile moduli, are not as good as those
of PAN derived fibres due to poor alignment of graphene planes with the fibre axis.
Although rayon fibres were the first to be developed for use in structural composites,
they are no longer widely used except in specialist ablative applications that require
the poor through-thickness thermal conductivity and high interlaminar shear strengths
exhibited by composites produced from these fibres.
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Carbon Fibres from PAN
The chemical composition of PAN is CH2 -CH-CN, giving a carbon yield of 45-50 %.
The conversion of PAN into carbon fibres is similar to the conversion of rayon,
although it is not exactly the same. This process is summarised in Figure 1.3.

PAN process

DC

■C

V/////Z/Z////////A

Stretch

Thermoset

PAN

Carbonize

Graphitize

Pitch process

f'lZZZZZZZZZZQ
DC

~c

tyz77Z2/?7?//Jk
P e tro le u m p itc h

M elt

Thermoset

Carbonize

spin

Graphitize

n
Spool

Figure 1.3

Epoxy sizing

Surface treatment

Overview of processes used to produce carbon fibres from PAN and

pitch [1].

The oxidation stage in PAN carried out at 200-300°C is critical since it is converted
from its initial fusible thermoplastic form to an infusible form, allowing subsequent
polymer degradation reactions during carbonisation to proceed without collapse of the
fibre or loss of orientation. Also, there is a need to control carefully heat evolution.
This results in oxidised PAN fibre (sometimes referred to as OPF or PAN-ox).
Carbonisation is carried out between 1000 and 1500°C in an inert atmosphere
resulting in the loss of 50 % of fibre weight as H2 O, NH3 , HCN, CO, CO2 and N 2 ,
accompanied by significant longitudinal fibre shrinkage. This stage is followed by
heat treatment, which usually takes place at temperatures lower than those required to
graphitise fibres due to a limited demand for the high modulus fibres that result from
graphitising PAN derived carbon fibres. PAN derived fibres are by far the most
widely used type of carbon fibres due to their favourable mechanical properties,
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which additionally can be tailored by changing the heat treatment temperature used, as
shown in Figure 1.4. PAN derived fibres are categorised as low modulus (LM),
intermediate modulus (IM) and high modulus (HM), with the IM fibres being of
highest quality, having the highest tensile strength and strain to failure (1.2-1.4 %)
and the HM fibres offering improved stiffness at the expense of strength and strain to
failure (0.5-0.8 % )[1]. The HM fibres are of lower strength than the LM and IM fibres
because their higher degree of crystalline perfection more easily allows shear between
basal planes.

400

— strength
— modulus

4.0

3.0

300 &

0 ) 2.0

200 E

100

1.0
zone 1
500

Figure 1.4

zone 2

zone 3

1000
1500
2000
Heat treatment temperature (’C)

2500

Strength and modulus of PAN based carbon fibres versus heat

treatment temperature 111

For the production of carbon-carbon composites using PAN derived carbon fibres, it
is usual to lay-up fully carbonised carbon fibres and then add a matrix. An alternative
route would be to lay-up PAN-ox, which is more pliable and easier to handle than
carbon fibres and is therefore better suited to weaving or needling operations. The
resulting preform (laid-up material) can then be carbonised and matrix subsequently
added. A further variation is to add a resin matrix to a PAN-ox preform then cocarbonise both the fibres and resin, an example of which is investigated by Manocha,
Bhatt and Manocha [18]. The rationale for the latter approach is to reduce the cost of
the composite, since carbonisation being a high temperature process is expensive. The
option of stretching the fibre during carbonisation would however be lost.
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Carbon Fibres from Pitch
A pitch is a complex mixture of polyaromatic compounds derived from coal-tar and
petroleum processing. Pitch fibres are made by a process called ‘melt spinning* where
individual fibres are extruded from a melt through a plate containing a large number
of capillaries, known as a ‘spinerette*. These are subsequently processed in a manner
similar to the rayon and PAN fibres to remove the volatile elements thus increasing
carbon content. The overall process is summarised in Figure 1.3. Carbon fibres can
either be made from isotropic pitch, resulting in fibres with an isotropic structure, or
from mesophase pitch. Mesophase pitch forms when pitch is heated to around 400°C,
forming a liquid crystalline phase in which the planar aromatic molecules are aligned.
This alignment is preserved upon extrusion resulting in excellent alignment o f the
graphene planes with the fibre axis in the final product. Consequently, mesophase
pitch derived fibres can be made with higher moduli than PAN derived fibres. These
are known as ultra-high modulus (UHM) carbon fibres. Chung tl6] predicts that pitch
derived carbon fibres will eventually become more widely used than those derived
from PAN. Savage [1] states that the lower precursor cost and higher carbon yield for
pitch as compared to PAN is offset by the higher processing cost of mesophase pitch
derived carbon fibres. Therefore they are not widely used except in applications where
extreme stiffness is required. The high cost is due to the difficulty of the melt spinning
process, where in order to create an unbroken filament there is only a small window
of processing conditions, with the fibre being spun at roughly half its ultimate tensile
stress compared to only 1 % of ultimate tensile stress for the spinning of polymeric
fibres. Isotropic pitch derived carbon fibres, which are cheaper and have mechanical
properties comparable to those derived from rayon, can be used as fillers to improve
the strength and toughness of plastics and concrete.
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1.2.4

Fibre lay-up

The words ‘fibre lay-up’ describe both the type of fibre arrangement and the process
where fibres are placed into this arrangement prior to matrix addition. This is a
process common to all fibre-reinforced composites. Fibre lay-ups are often described
in terms of their directionality, i.e. the number of directions that they are reinforced in.
However, it should also be remembered that reinforcement can be comprised of
continuous fibre bundles or of shorter fibres, which can be either randomly placed in
two or three directions or be roughly aligned in the form of a felt. Therefore the range
of possible lay-ups is enormous.

(a)

one-dimensional, 1-D
(unidirectional)

(b)

/5\j/
m

P

tt
plain weave

Figure 1.5

3-D orthogonal weave

0' / 90* laminated 1-D

Example fibre lay-ups of different directionality, (a) unidirectional /

ID, (b) bi-directional / 2D, (c) tri-directional / 3D, after McEnaney and Mays [19].

Reinforcement can be divided into three main classes according to the number of
directions in which there is fibre reinforcement. These are unidirectional (ID),
bidirectional (2D) and multidirectional (3D or higher), examples of which are shown
in Figure 1.5. A ID lay-up is both the simplest and the one with least scope for
variation, consisting of fibres aligned in the same direction. Although used in other
composites, for example pultruded glass fibre reinforced plastic (GFRP) or carbon
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fibre reinforced plastic (CFRP) rods, ID lay-ups are generally not seen in carboncarbon composites, due to poor transverse properties and a lack of applications. 2D
lay-ups contain fibre reinforcement in two usually orthogonal directions. The simplest
2D lay-up would be a 0-90° laminate, although many 2D lay-ups are made from
woven cloth (either plain or satin weave), felt like layers or combinations of these.
Additionally, layers oriented in several directions parallel to a common layer plane
would also be considered 2D lay-ups provided that there is no out of plane (through
thickness) reinforcement, although strictly speaking the fibres are in more than two
distinct directions. A 2D arrangement where the layers have been ‘needled’ together
to form some degree o f third direction reinforcement has been termed 2.5D [20]. The
process o f needling is discussed later in this section. Three directional (3D) lay-ups
are those with fibres are placed in three directions with the third direction not in the
same plane as the first two. Usually these directions are orthogonal. In order to
achieve more isotropic properties than even 3D lay-ups, multidirectional 4D, 5D, 7D,
9D and 1 ID lay-ups can be made by including extra fibre tows at angles other than
90° to the orthogonal bundles. McAllister and Lachman 1211 describe the exact
arrangements of most o f these lay-ups. A 4D lay-up can be comprised of a tetrahedral
arrangement with fibre tows parallel to the cross comer diagonals of a cube, while a
7D lay-up can be comprised o f a 3D orthogonal lay-up (tows in three directions) with
extra fibre tows parallel to either the cross comer diagonals or cross face diagonals of
a cube (tows in four directions for either of these). The inclusion of fibres tows along
both the cross comer and cross face diagonals would make the lay-up 1ID.

As might be expected, the formation of such lay-ups, especially those with higher
directionality, can present a major manufacturing problem. Carbon fibres are supplied
in bundles called tows, which can be obtained in various sizes described by the
number of fibres they contain. For unidirectional composites and laminates consisting
o f unidirectional layers, the fibres themselves are only held together by the matrix
used in the final composite rather than the lay-up itself as would be the case for
woven lay-ups. The prepreg method, as used for carbon fibre / epoxy matrix
composites can be used to bind the fibres together by coating them in resin (usually
epoxy) in a continuous process. Once the fibres are laid up, the resin is cured, thus
ensuring structural stability during subsequent matrix addition. The resin used to bind
the fibres together will then form part of the matrix of the composite. For carbon-
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carbon composites however, this might be undesirable depending on the exact method
o f matrix addition to be used. For example if a matrix deposited by CVI (explained in
Section 1.2.5) was required, the prepreg method of lay-up could not be used since
small amounts of resin derived carbon matrix would be left around the fibres. An
alternative to the prepreg method that can be used to form a composite architecture
with 2D reinforcement is to use cloths or felts consisting of carbon-fibres, which are
laid up in the required layering arrangement. As with the prepreg method, ease of
handling during lay-up is an important factor, whether laid up by hand or machine.
Cloths and felts are much easier to handle than individual fibre tows. Carbon-fibre
cloths can be either woven cloths or consist of straight continuous fibres attached to a
felt by a process known as needling. A felt consists of a tangled arrangement of
discontinuous short fibres that can possess some degree of preferred fibre direction. A
continuous fibre layer, which is difficult to handle alone, can be attached to a felt by a
process known as needling where the continuous fibres are placed on top of a felt and
pierced several times by an array of barbed needles that draw some of the fibres from
the felt layer through the continuous layer, thus attaching them to one another. This
process is used for the Dunlop carbon-carbon composite and is described further in
Section 1.4.1. The main disadvantage of using woven cloths for 2D composites is that
the fibre bundle crimps that result as these bundles pass over and under one another
result in misorientation o f the fibres away from the plane of the laminate, thus
reducing in-plane strength. This can be reduced by using weaves where this is
minimised, for example an 8-hamess satin weave, where the fibre bundles are not
interwoven to the same extent as those in a plain weave. Manocha and Bahl [22]
showed that for the same fibre and matrix type, the strength of a woven carbon-carbon
composite with an 8-hamess satin weave was greater than that with a plain weave.
They also reported that the weave pattern played a significant role in the densification
of the composite.

The most difficult lay-ups to fabricate are those that are 3D or multidirectional.
Cunnigham and Thomas [23] describe some of the methods that can be used to produce
such lay-ups. These methods include three dimensional dry weaving, described by
McAllister and Lachman [21], and three dimensional braiding, which both require
complicated machinery. Weaving in the x - y plane between rigidised z -direction
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tows can also be used. These rigidised tows consist of unidirectional pultruded carbon
fibre resin matrix composite rods that are subsequently carbonised along with the
resin matrix precursor used to form the rest of the matrix. Another alternative is
pierced fabric block fabrication, where multiple fabric layers are first pierced by an
array o f metal rods. These rods are then used to draw carbon fibre tows through the
structure as they are removed. A much cheaper way to fabricate a lay-up with some
degree of three dimensionality is to use a needling process to join several layers of a
suitable cloth together. This is similar to the method used to produce a cloth
consisting of both felt and continuous fibre layers, but in this case the barbed needles
are used to attach several layers to one another, producing a freestanding preform that
is ready for matrix addition.

For making curved components such as hollow cones or tubes, the winding of fibre
tows around a mandrel using equipment similar to a lathe can be used, sometimes in
conjunction with the prepreg method. This has the advantage of precise fibre
placement and control over the angle at which the fibres are wound onto the mandrel
due to computer control o f the equipment. It can form either 2D or 3D lay-ups, the
first by winding successive layers at different angles, the second by using a mandrel
into which small rods o f unidirectional composite have been inserted normal to the
surface at regular intervals, then winding between these. These rods then form part of
the final structure and provide reinforcement in the direction normal to the wound
layers.

1.2.5

Carbon matrices

After the fibres are arranged into the required lay-up, the carbon matrix is added by
one o f three main methods, (i) impregnation with a thermosetting liquid matrix
precursor followed by carbonisation, (ii) impregnation with pitch followed by
carbonisation or (iii) matrix deposition by chemical vapour infiltration (CVI).
Combinations o f these routes can also be used.

Resin matrix precursors
Resin matrix precursors are usually thermoset polymeric resins, such as phenolic or
furan resin. These are chosen for their suitable viscosity, shrinkage, carbon yield and
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the matrix microstructure they form upon carbonisation. Precursor materials are
forced into the spaces between the fibres by vacuum infiltration in a similar fashion to
the methods used to infiltrate resin matrix composites. If a resin is being used it is
then cured and carbonised to drive out volatiles. Resins used are chosen for their
suitable viscosity, cure conditions and most importantly their carbon yield and
shrinkage during carbonisation. The final matrix microstructure formed after
carbonisation is also o f importance. The main problem with using the resin route is
shrinkage during carbonisation, with the carbon yield from the highest yielding resins,
phenolic and furan, yielding between 50 and 60 % carbon by weight. Shrinkage
arising during carbonisation and the resultant porosity means that typically several
impregnation and carbonisation cycles are often required. It is clear that the composite
can never be fully densified. An additional problem caused by this shrinkage is the
presence of cracking and residual stresses in the matrix.

Pitch based matrices
According to Savage tl], the use o f pitches as matrix precursors in carbon-carbon
composites is an extension of the technology used in the graphite electrode processing
industry. Carbon yields at atmospheric pressure are comparable to those achieved
with high-yield thermosetting resins, but can be raised to around 90 % by carbonising
the pitch under high pressure (-100 MPa). The carbon microstructures formed are
graphitic and affected by applied pressure during carbonisation. The density of
matrices formed from pitches is high (-2 g cm'3). A major drawback in using pitch as
a matrix precursor stems from the fact that they are a complex blend of polyaromatic
molecules that are difficult to categorise resulting in problems with quality control
and making it difficult to guarantee a consistent product. Since pitches are
thermoplastics, severe bloating often occurs during their carbonisation, which can be
avoided by an oxidative treatment to cross-link the pitch. A further problem is that
applying the pressures required to achieve the high potential carbon yields requires an
expensive process known as hot isostatic pressure impregnation carbonisation
(HIPIC), where the pitch is forced into the workpiece during carbonisation by high
isostatic pressure. The use of this process is limited by its cost, although it is one of
the best production methods for thick-sectioned artefacts such as rocket nozzles.
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Chemical vapour infiltration (CVI)
The third method of matrix formation is chemical vapour infiltration (CVI), where a
hydrocarbon precursor gas such as propane or methane is heated to a temperature at
which thermal decomposition occurs by the reaction shown below.

CH4 (g)

► C (S) + 2H2 (g)

The carbon is deposited on the fibre substrate where it slowly builds up to form a
carbon matrix. This can either be used to form the whole matrix or to further densify a
carbonised phenolic derived matrix. The process can be carried out in an inert filler
gas or at low pressure in order to achieve a long molecular mean free path resulting in
densification right into the inside of pores rather than at the pore mouths, allowing
fuller densification of the composite.

Pore filling profile

(a)
^

^ p o r o s ity '

7777777777*

time

Figure 1.6

Schematic showing pore filling profiles during CVI process that would

result from (a) surface reaction rate »

diffusion rate, (b) diffusion rate »

surface

reaction rate [1].

CVI methods include the isothermal method, the thermal gradient method and the
pressure gradient method [1]. Of these, the isothermal method is simplest, involving
placement of fibrous preforms inside a furnace of even temperature through which
reactant gases are passed. Since this requires diffusion in and out of the pores, the
surface reaction rate must be kept below the diffusion rate to avoid the sealing of
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pores at the mouth as shown in Figure 1.6. The rate of weight gain progressively
slows as porosity is filled, resulting in this process being time consuming.
Occasionally the surfaces o f parts are machined away between furnace runs in order
to open up porosity. This process is in widespread use due to its ease of scale up and
the capability o f processing several items at once. The thermal gradient method also
relies on the diffusion o f the reactant gases, however by setting up a thermal gradient
across the preform, the deposition zone can constrained to a certain region and made
to move across the workpiece as matrix is deposited. This avoids the problem of any
surface deposition blocking access by the reactant gas to the rest of the preform.
However, the use of this method is limited to single item processing and requires the
preform to have a low thermal conductivity, which may conflict with other
requirements. The pressure gradient method forces the precursor gas through the fibre
preform pores resulting in high deposition rates. However, like the thermal gradient
method it is confined to single item processing and requires a robust high temperature
/ pressure seal around the workpiece. The thermal gradient and pressure gradient
methods are not in widespread commercial use.

Three main microstructures are exhibited by CVI carbon [1, 241 depending on the
deposition temperature and pressure, which are smooth laminar, rough laminar and
isotropic. These are easily distinguished from one another under crossed polars using
optical microscopy as they differ from one another in optical activity. Laminar
material is optically active and forms the characteristic Maltese Cross pattern in the
matrix sheath surrounding the fibres. Rough laminar material exhibits annular features
around the fibres whilst smooth laminar does not. Isotropic material has no optical
activity. Rough laminar material is the preferred microstructure due to the isotropic
microstructure having a lower density and smooth laminar being prone to thermal
stress microcracking. However, under industrial operating conditions the matrix forms
a smooth laminar microstructure. According to Savage

raising the temperature to

form the rough laminar microstructure would result in the formation of closed
porosity.
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Typical properties of carbon-carbon composites.

Mechanical properties
As mentioned in Section 1.2.1, the physical, chemical and mechanical properties of
carbon-carbon composites vary widely as a result of the large number o f possible
combinations of constituents and processing routes. This means that for this class of
materials as a whole, there exists a range of values over which their properties may be
found, with precise values dependent upon the nature of the specific carbon-carbon
composite in question.

PAN based fibres

Rayon based

Property

ID Unidirectional

Tensile strength / MPa

Carbo
nised
850

Tensile modulus / GPa

150

Flexural strength / MPa

1350

1100

350

250

190-200

Flexural modulus / GPa

140

270

55

65

20-25

Compressive strength / MPa

400

375

160

120

180-190

140

140

30-35

Graphitised

I Density / g cm'3

Table 1.2

Carbo
nised
350

Graphitised

105

Compressive modulus / GPa
Work of fracture / kJ m'2

2D Fabric

80

40

20

13

1.55

1.75

1.5

1.6

3D Graphitised
Z
direction
300

X ,Y
directions

140

100

Fabric
Carbonised
60-65
15

5
1.9

1.9

1.4

Physical properties of some carbon-carbon composites [25\

In order to illustrate the range over which the mechanical properties of carbon-carbon
composites vary and to ascertain the relative effect of different factors on these, Table
1.2 shows some o f the properties o f a variety of different carbon-carbon composites. It
can be seen that the lay-up has profound effects on the strengths and stiffnesses of
these materials, as would be expected given that 2D fabric lay-up must sacrifice at
least half the strength in one direction compared to a unidirectional lay-up, since there
is extremely little strength perpendicular the fibre direction. Similarly the
improvement in z -direction strength resulting from a 3D lay-up is accompanied by a
reduction in strength in the other two directions. The strength of a carbon-carbon
composite with a 3D or multi-dimensional lay-up is further reduced by the reduced
fibre volume fraction possible due to the pockets formed between the fibre bundles as
a result of a 3D geometry which are often only partially filled with matrix. Another
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lay-up related factor that considerably affects the mechanical properties of the
composite is whether a 2D lay-up is comprised of straight continuous fibre bundles or
a woven fabric or felt. The latter two will result in a reduced fibre volume fraction
compared to straight continuous bundles and the fibres will also be misaligned with
respect to the plane of reinforcement thereby reducing their effective strength and
stiffness. It can also be seen in Table 1.2 that the modulus of the composite is
increased at the expense o f strength upon graphitisation, a result of the effect of
graphitisation on the fibres (Section 1.2.3). The low tensile strength and moduli of
fibres derived from rayon compared to those derived from PAN are also reflected in
the composite properties.

Specific strength and stiffness
When considering the mechanical properties of carbon-carbon composites, the
absolute values of which do not appear significantly better than many conventional
engineering materials, it is essential to note that the one of the main reasons for their
use is their excellent specific properties, which arise from their low density, usually
between 1.5 and 2 g c m '. This means that for a given weight of material, the strength
and stiffness o f carbon-carbon composites can be higher than most other materials,
subject to the exact lay-up.

Retention o f mechanical properties at high temperature
In addition to their favourable specific properties, the other primary reason for the use
o f carbon-carbon composites is their retention of their mechanical properties at high
temperature. In a review of high temperature materials, Meetham [26] compares the
high temperature strengths o f a variety of metals and engineering ceramics with that
o f a 0-90° bi-directional carbon-carbon composite (Figure 1.7). Unlike most of the
metals, carbon-carbon does not exhibit a significant decrease in strength with
temperature. McEnaney and Mays [19] state that there is no clear trend of strength with
temperature for carbon-carbon composites. The maximum operational temperature for
carbon-carbon composites is limited by the onset of creep at around 2000°C [27]. This
is not a problem until temperatures well above those that limit the use of competitor
materials are reached. However, when considering the high temperature capabilities
o f carbon-carbon composites, the obvious limitation of oxidation should not be
forgotten, for this limits their wider application.
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Figure 1.7

Strength versus temperature of some high temperature materials [26\

Effect o f density on mechanical properties
Since a major factor influencing the density of a carbon-carbon composite is the
extent to which the space between the fibres has been filled with matrix and that since
the matrix holds the fibres together and therefore has a major effect upon the
structural integrity of the composite, density would be expected to have a major effect
on the mechanical properties of carbon-carbon composites. Low densities and
corresponding high porosities are deleterious to the strengths of carbon-carbon
composites in general; the extent of this effect is influenced by the precise nature of
the porosity.

For example, Chlopek, Blazewicz and Powroznik [28] measured density, pore volume
fraction and average pore radius using mercury porosimetry for carbon-carbon
composites fabricated by a variety of fabrication routes using either pitch or phenolic
resin based matrices. Composites with different numbers of pitch or phenolic resin
impregnation cycles were made, some with a final chemical vapour deposition (CVD)
impregnation. Since the density increased and the pore volume fraction decreased
with the number of impregnation-carbonisation cycles and subsequent CVD
impregnation, this enabled the comparison of flexural strength and Young’s modulus
between a number of composites with different density and pore volume fraction. For
both the phenolic resin and pitch matrix carbon-carbon composites, flexural strength
increased with increased density and reduced pore volume fraction.
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Fatigue performance

There is little published work in the area of fatigue of carbon-carbon composites,
possibly because in many applications the lifetime of a carbon-carbon composite is
determined by other factors, chiefly oxidation. However it is known that some loss of
matrix material, known as ‘dusting out’, occurs in long term fatigue tests, therefore
there is doubt as to whether cyclic loading can continue indefinitely [1] so whether
there exists a fatigue limit as seen in some metals is debatable. Fitzer and Heym [29]
showed a lifetime o f 107 cycles at 40 % of the static bending strength. Ozturk and
Moore [30] performed fatigue tests on a tightly woven carbon-carbon composite and
found that the material could withstand 106 tensile loading cycles at 80 % o f the static
tensile strength. Their tests were not continued beyond 106 cycles.

Williams, Yurgartis and Moosbrugger [3I] performed low cycle fatigue and high cycle
fatigue experiments on 2D woven carbon-carbon composites using a three point
bending geometry. At 90 % o f the static failure load, 105 cycles were survived, while
at 82 % o f the static failure load, 2 x 106 cycles were survived. An important
observation of this experiment was that periodic surface observations using a
microscope suggested that ‘microcrack growth was not occurring at the yam or fibre
diameter scale during interlaminar shear fatigue’. They suggested that ‘if the stress
level o f a particular carbon-carbon is below the intensity that activates microcrack
growth during monotonic testing, then there is no substantially active fatigue damage
mechanism at similar cyclic stress levels’.

Toughness
Toughness is an important engineering property of a material, describing its resistance
to crack growth. A high toughness will result in a ‘graceful’ i.e. non-catastrophic
failure mechanism and results from microstructural features that allow the dissipation
of energy during crack growth, for example plastic deformation around the crack tip
in metals. In composites, this can be achieved by adopting a composite system with a
weak fibre matrix interface. This allows energy to be dissipated by the mechanisms of
fibre-matrix debonding and fibre pull-out, which occur following first matrix cracking
and fibre fracture respectively. Additionally, between the stages of fibre-matrix
debonding and fibre fracture, crack bridging by intact fibres can provide additional
toughening by reducing the stress intensity at the crack tip. In contrast, a strong fibre
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interface prevents fibre-matrix debonding thus allowing brittle crack propagation
through the fibres. Thus although both of the constituents of the composite are brittle,
the toughness of the composite itself can be much higher.

The difference in toughness between a carbon-carbon composite perpendicular to its
reinforcement direction and graphitic material without fibre reinforcement is
illustrated in Table 1.3, which also shows values of the crack growth resistance, R, for
some carbon materials. It can be seen that for the bi-directional woven carbon-carbon
composite, the in-plane crack growth resistance is between two and three orders of
magnitude higher than that of the other carbon materials. However, the crack growth
resistance between the layers is comparable to the other carbon materials as a result of
the absence of reinforcement.

Material

R / J m '2

Diamond

13-18

Glassy carbons

12-14

Pyrolytic graphite

38

Fine-textured graphite

20-70

Medium-textured polygranular graphite

120-200

Coarse-textured polygranular graphite

232-258

Bidirectional woven carbon-carbon, perpendicular to lamellas

50 000

Bidirectional woven carbon-carbon, parallel to lamellas

60-95

Table 1.3

Crack growth resistance, R, of some carbon materials [11].
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Carbon-carbon composites for aircraft brakes

The first carbon-carbon composite aircraft brakes for regular commercial use were
those developed in order to meet weight requirements for Concorde. Following trials
on a VC 10 aircraft in 1973 they entered service on Concorde a year later [32\ At the
time, the significant cost premium o f the composite was only justified for supersonic
and military aircraft, however, due to reduced manufacturing costs and timescales
they are now in widespread use on commercial aircraft. Carbon-carbon composite
brakes are used both on military fighters such as the US F-14, F-15, F-16, F-18 and
French Mirage 2000 and on civilian airliners, for example the Boeing 747, Airbus,
Concorde, Canadair Challenger and Gulfstream III. The significant weight savings
afforded by carbon-carbon composite brake discs relative to steel ones, for example
395 kg for a Boeing 767 according to Awasthi and Wood [331, translate not only into
lower fuel costs, but enable a reduction in the size and weight of surrounding
structures whose service loads are reduced. Additionally, carbon-carbon composites
can offer increased service lives, for example on a Boeing 767-300 they are expected
to yield up to 3000 landings per overhaul compared to 1500 for their steel
counterparts [33]. These factors justify the extra cost of carbon-carbon composites,
although for some short routes steel brakes are still used by some airlines.

1.3.1

Brake configuration

The usual aircraft brake configuration is a multiple disc brake consisting of a stack of
two types of disc, rotors and stators, in alternating arrangement. This arrangement is
illustrated in Figure 1.8, which shows schematically a rotor and stator (a) and a
cutaway main wheel, tyre and carbon-carbon brake assemblage from an AVRO
RJ/146 aircraft (b), in which the torque tube is clearly visible. The rotors rotate with
the wheel while the stators are held stationary by the brake structure. During braking,
these discs are pressed together hydraulically so as to create frictional forces between
them, thus providing braking torque to the wheel. The annular overlapping area
formed by the interleaved stators and rotors, across which the frictional braking force
is generated is known as the swept area. Torque is transmitted from the stators to the
brake structure by tenons, which protrude from the inner diameter of the stator and fit
over a ridged torque tube. The spaces between the tenons are called drive slots. A

26

Introduction

Chapter 1

similar arrangement transmits torque from the wheel to the rotors, except that the
tenons are wider and on the outer circumference of the disc.

rotor

1

sta to r

(b) Cutaway of typical brake assemblage

(a) Forces on rotor and stator
Figure 1.8

Schematic of rotor and stator (a), showing in-plane forces on brake

discs./, wheel drive force; t, frictional torque; r, reaction force [32]. Cutaway of wheel,
tyre and brake assemblage (b) from an AVRO RJ/146, showing carbon-carbon
composite brake discs with torque tube in centre.

The use of multiple discs, each with multiple drive tenons, provides a great degree of
redundancy and an inherently safe design. The failure of all the tenons on a single disc
will be manifested as a small loss of braking force on the affected side of the aircraft,
which can be noticed by the pilot. The brake can then be overhauled and either the
affected disc or the whole brake pack (all discs) replaced depending on their age and
condition. Additionally, the use of a tenon system accommodates the reduction in disc
thickness resulting from wear, since the discs can slide along the torque tube.

1.3.2

Braking material requirements and properties

The brake discs are required both to provide frictional torque to stop the aircraft and
to act as a sink for the heat dissipated in them, which is equivalent to the kinetic
energy of the plane upon landing. In the case of Concorde during its maximum
normal landing this energy is 272 MJ and is generated in 20-30 seconds [32J. Since this
timeframe is short and the brakes are relatively enclosed, the proportion of heat
rejected to the atmosphere is negligible and the system is effectively adiabatic.
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Therefore the ability to transmit heat and act as a heat sink is a primary requirement
for an aircraft brake material. However, the most demanding scenario that airline
brakes must be capable o f withstanding is an aborted or rejected takeoff (RTO), where
they would be required to stop a fully laden plane close to take-off speed in the
remaining runway distance. Awasthi and Wood [33] state that for a Boeing 767 aircraft
weighing 170 000 kg and moving at 320 km h '1, the kinetic energy at take off is 670
MJ which during an RTO must be dissipated in 30 seconds by the eight brakes on the
aircraft without melting the surrounding wheel structures. Furthermore, the brakes
must be capable of accomplishing this task near or at the end of their service lives
when their structure may have been weakened and their thermal capacity reduced.

Ruppe [34] lists three main requirements for a brake disc material. These arise from the
functions that the brake disc is required to perform and are listed as follows: -

1.

Effectiveness as a friction material.

2.

High heat storage capability.

3.

Structural capability.

Carbon-carbon composites can fulfil all three requirements. The friction coefficient
( f i ), although low under static or slow sliding conditions (~0.2), rises to ~0.6 when
the brake is hot [33]. Wear rates are substantially lower than conventional brake
materials. Carbon-carbon composites are second only to beryllium for heat storage per
unit mass among materials suitable for use in brakingt34] and do not have the problem
o f toxicity associated with beryllium. The good specific strength of carbon-carbon
composites meets the requirement for structural strength, with the added benefit of
retaining this strength at high temperatures.

Similar brake material criteria are given by Stimson and Fisher [32], who list a high
thermal capacity and good strength as fundamental requirements, along with impact
resistance, good strain to failure, adequate and consistent friction characteristics and a
high thermal conductivity. High thermal conductivity is required in order to spread
the energy dissipated during braking evenly through the disc. The frictional properties
are considered of secondary importance, because if they are not inherent in the
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material, they can often be altered using additives or fillers. Table 1.4 compares the
properties of some traditional brake disc materials with those of a carbon-carbon
composite. However it should be appreciated that the properties of carbon-carbon
composites vary greatly depending upon the lay-up and processing conditions used.

Property

CC Composite

Steel

Copper

Specific Heat / J g'1K '1

1.42

0.59

0.42

Tensile Strength / MPa

66

410

240

Impact resistance / J

0.7

110

55

Percentage Strain to Failure

0.55

33

40

59

346

14

18

Thermal Conductivity / W m '1K '1 10-150
106x Coefficient of thermal

0-8

expansion / K'1
Table 1.4

Some room temperature properties of brake disc materials (from

Stimson and Fisher[32]).

Stimson and Fisher [32] proposed four criteria for the fibre arrangement in a disc
(Figure 1.9). These are to minimise the effect of the drive slot, to conduct heat
radially, to withstand shear forces at the drive slot and to conduct heat into the body
of the disc. However, the difficulty of manufacturing a disc that fulfilled all of these
criteria, in addition to the fact that there would be inevitable trade-offs between them
mean that in reality a disc with fibres arranged in all of these directions are not seen.

stato r disk

Figure 1.9

Preferred fibre directions to fulfil different performance criteria [32].

Flow around notches (1) for strength, radially at surface (2) for heat flow, at 45° to
shear at slot (3) for strength and normal to disc surface (4) for heat flow.
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Typically the lay-up of an aircraft disc brake is 2D or 2.5D arrangement of woven
cloth or cloth formed by the needling of continuous fibres to a felt. This provides a
high in-plane strength and stiffness relative to that through-thickness and fulfils fibre
arrangement criteria 2 and 3 illustrated in Figure 1.9. Criterion 4 can be met by
through-thickness needling, although this is not always used.

1.3.3

Frictional aspects of braking
Brake discs
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Mechanism of establishment and diminishment of bands of contact,

(after[32]).

A mechanism involving thermoelastic and wear effects leads to a process of
establishment and diminishment of narrow annular bands of contact on the brake discs
(Figure 1.10). This mechanism, reported by Barber [35] for a cast iron block sliding on
a mild steel wheel, has been demonstrated to occur on carbon-carbon composite
brakes [32]. It is attributed to frictional heat generation at local asperities (1) causing
local thermal expansion (2), thus causing the formation of a narrow annular band of
contact. This band is then worn down until a new band of contact is established (3),
after which the process is repeated (4 & 5). Transient temperatures at the contact
surface are in excess of 2000°C [32].

For carbon-carbon composites, low observed wear rates result from a cyclic wear and
regeneration process involving the formation of a friction film from wear debris
ground between the brake discs, which then delaminates forming more debris, most of
which is compacted again to regenerate a friction film, while some is lost to the
atmosphere [33]. The average wear rate over a one high speed landing stop and several
low-speed taxi stops is typically 10-15 nm per metre of interfacial sliding. The wear
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rates of carbon-carbon composite brakes are significantly lower under high-energy
conditions, such as those produced during aircraft landing, than under low-energy
conditions, produced by brake use during aircraft ground manoeuvres (‘taxi snubs’).
This counter intuitive observation is attributed to the absence of sufficient energy for
the friction film regeneration mechanism to operate under low-energy conditions.
Since different friction mechanisms are in operation under different operating
conditions, the coefficient o f friction ( j i ) will also vary. Average fi under dry
conditions is dependent upon the initial sliding speed at the interface [33]. Static ji and
H under low-speed sliding conditions are usually low (0.2-0.3), but can be very high
(up to 0.6) following a landing stop when brake temperatures are high. The presence
o f adsorbed water on the brakes can reduce [i to 0.1, a phenomenon termed ‘morning
sickness’ by pilots to describe poor brake performance following an overnight stop in
a humid environment.

1.3.4 Effect of oxidation on carbon-carbon composite brakes

The maximum temperatures reached in the brakes are typically 500°C for a normal
landing and up to 1300°C for an emergency abandoned take off with the surrounding
metal structures limiting the temperatures that can be reached t32J. Since carbon
materials will start to oxidise measurably in air above about 450°C, with a significant
increase in reaction rate above 750°, it is clear that some oxidation will occur during
normal operation. This fact means that the cooling channels used in some car brake
discs are unsuitable for use with carbon-carbon aircraft brakes. The oxidation of the
composite results in a reduction in both strength and thermal capacity. Crocker [36]
found that for a 2D woven carbon-carbon composite (rayon derived fibres and resin
derived matrix), an oxidative weight loss of 10 % resulted in reductions in elastic
modulus and flexural strength o f 30 % and 50 % respectively. Given such substantial
reductions in strength, it is therefore surprising that the reduction in thermal capacity,
rather than strength, is the constraining factor. Ho, Patterson and Ling [37] reported
that the reduction in thermal capacity was the major limiting factor in brake life since
the discs eventually have insufficient thermal capacity to absorb the heat generated in
an RTO without melting the surrounding structures.
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The oxidation of the carbon-carbon composites used in brake discs, which require
structural strength and high heat capacity, is therefore a problem. Although the brake
assembly is not exposed to the atmosphere, it is not airtight and oxidation does occur.
However, the brakes are not being held at high temperature for long periods but
instead experience transient heating. While oxidation is a problem, the number of
landings before oxidation results in failure is sufficiently large that their use remains
economic. Additionally, due to the multiple discs used in aircraft brakes, the failure of
one disc does not render the brake inoperable, although it must be replaced before
being used again.
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1.4

Dunlop Aviation carbon-carbon composite

This thesis focuses upon the carbon-carbon composite produced commercially by
Dunlop Aerospace Ltd for use in aircraft disc brakes. This section therefore describes
the composite in more detail, first describing the production route and structure before
summarising previous scientific work carried out on the material.

1.4.1

Production route and structure

The carbon-carbon composite used in Dunlop Aviation aircraft brakes is comprised of
polyacrylonitrile (PAN) derived carbon fibres and a matrix deposited by chemical
vapour infiltration (CVI) from methane. The brake disc lay-up is 2D and consists of
layers of Dunlop Aligned Mat (DAM) felt. DAM felt is not a woven cloth, as often
used in 2D CCCs, instead it is made from two layers, a continuous unidirectional fibre
layer and a layer of staple material, aligned at 90° to the continuous fibres. The
structure of this material is best understood by reference to its production route, which
is illustrated in Figure 1.11.

.v
Staple fibres (a)

Aligned staple fibres (b)

Staple cloth (c)

DAM cloth (d)

DAM cloth layers (e)

Final product (f)

Figure 1.11

Production route of Dunlop Aerospace carbon-carbon composite.

Preparation of the DAM felt begins with oxidised/stabilised PAN fibres, i.e. fibres
that have not been carbonised. A 320k tow of stabilised PAN fibres are crimped,
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stretch broken and cut to length, resulting in a mass of short ‘staple’ fibres (Figure
1.11 (a)) o f average length 70 mm. These fibres are ‘fluffed’ and then aligned by
carding, a process similar to combing, to form a low density mat of loosely entangled,
roughly aligned fibres (Figure 1.11 (b)). This mat is folded back on itself a number of
times and passed through rollers to build up the required fabric density before being
needled. Needling is a process whereby the cloth is repeatedly pierced by a bed of
barbed needles, which entangle the fibres together to produce a roughly oriented
staple cloth (Figure 1.11 (c)). A layer of unidirectional fibres in the form of 320k fibre
tows is then placed on top of the staple cloth at 90° to the direction of orientation of
the staple fibres and needled to the staple cloth to produce DAM cloth (Figure 1.11
(d)), which is easily handled during lay-up. The staple and continuous fibres are
produced by the same process and differ from each other only in that the staple fibres
are shorter and less well aligned. Before the DAM cloth can be laid-up, the
oxidised/stabilised PAN fibres must be converted to carbon. Carbonisation is carried
out at temperatures between 1000 and 1500°C. Following carbonisation, DAM cloth
layers are stacked to form the required composite lay-up (Figure 1.11 (e)) and placed
between jigs to hold them in place while the matrix is added by CVI. The composite
is removed from the jigs following the first CVI run in order to achieve the required
density at the end o f a second CVI run. Finally, the composite receives a heat
treatment at approximately 2500°C, which graphitises the matrix, thus increasing its
thermal conductivity. The final product (Figure 1.11 (f)) has a fibre volume fraction of
approximately 20 %, o f which 75 % are in the continuous layers and 25 % in the
staple or felt layers.

It is important to note that no interlayer needling is used to hold these layers together
prior to matrix addition; the only needling is intralayer. In this thesis, ‘staple layer’,
‘continuous layer’ and ‘DAM layer’ refer to layers of staple fibres, continuous fibres
or DAM cloth respectively plus their matrix. These are illustrated further in Figure
4.2, Section 4.2.3, which shows these layer types plus a number of possible ‘model’
materials incorporating different structural elements of the Dunlop composite. Figure
1.11 ((e) & (f)) shows the DAM layers in a 0-90° lay-up for simplicity. This is not the
case in the commercial material, where the exact lay-up depends on the design of the
particular brake disc. The usual brake disc lay-up consists of a unit comprising two
DAM layers oriented at 90° to one another (0-90°), with the next unit rotated by 35°
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with respect to the first unit and each subsequent unit rotated by 35° with respect to
the previous unit, so as to form a sequence of layers 0°, 90°, 35°, 125°, 70°, 160° etc.
Furthermore, although illustrated as having the same thickness, the two types of layer
are not o f the same thickness, with staple layers being on average thicker than the
continuous layers in the final product. Each DAM layer is approximately 1 mm thick
in the finished product, with the continuous layer and staple layers approximately 0.4
mm and 0.6 mm thick respectively. Occasionally, extra layers can be added near the
centre of stators to reinforce the tenons. The DAM cloth can be laid-up in two
different manners depending on the size of the disc. For smaller discs, the full annulus
method is used, where layers are laid-up as pieces of cloth the size of the whole disc
with the centre cut out, while larger discs are laid-up using segments of cloth in order
to save material. Following matrix addition by CVI and subsequent heat treatment, the
discs, the edges of which can be quite rough, are machined down to their final
dimensions and shape. Finally, a paint that prevents oxidation is applied to the non
swept areas.

The microstructure o f the material is easily revealed by optical microscopy. Like
many other carbon materials, it is useful to use polarised light and a sensitive tint plate
to reveal the orientation o f the graphene planes. In this case, the CVI matrix sheaths
are easily differentiated from the fibres due to their characteristic maltese cross
pattern. The continuous layer exhibits very good alignment of the fibres relative to
one another and is almost fully dense.

The staple layer, in contrast, is less well

aligned and contains many voids between the fibres where the matrix sheaths have not
grown fully together during matrix deposition.

1.4.2

Previous work on the Dunlop Aerospace carbon-carbon composite

Two PhD theses have been written describing work investigating the Dunlop
Aerospace carbon-carbon composite at the University o f Bath. Hutton [38] focussed on
the friction and wear behaviour and Leigh [39] investigated mechanisms of strength
degradation in service.

Hutton [38] addressed the issue o f high wear rates encountered during low energy
braking operations, a problem experienced with many carbon-carbon composite
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brakes. This project involved extensive friction and wear testing, using a button
dynamometer, o f two types o f carbon-carbon composite produced by Bendix (pitch
derived fibre / resin-CVI matrix) and Dunlop Aerospace (PAN derived fibre / CVI
matrix). A larger dynamometer was used to produce wear debris under simulated
cold taxiing and landing conditions, while a full scale dynamometer was used to
produce wear debris under simulated RTO conditions. It was found that for the
Dunlop carbon-carbon composites, the effect of temperature was dominant over fibre
orientation and sliding speed in affecting friction and wear performance. Smoother
friction and a low wear rate were associated with bulk temperatures above 110°C. The
preheating by electrical resistance of discs prior to use was suggested. A reduced heat
treatment temperature was found to reduce the thermal conductivity, increasing
interface temperatures and reducing wear rates under low energy braking conditions,
at the expense o f high oxidative wear rates under higher energy braking conditions.
Examination o f wear surfaces using optical and electron microscopy confirmed the
presence o f a particulate (Type I) wear debris following low energy testing and a film
(Type II) wear debris under higher energy conditions, which were associated with
high and low wear rates respectively. This phenomenon was similar to that reported
by Murdie, Ju, Don and Fortunato [40] for a pitch derived fibre / resin-CVI matrix
carbon-carbon composite. Wear debris was analysed using x-ray diffraction,
thermogravimetric analysis and density gradient separation. This indicated that the
debris became highly disordered at the wear surface, but that under very high energy
(RTO) conditions, partial regraphitisation of the wear debris occurred at the wear
surface. Analysis o f the wear surfaces suggested that a regenerative process o f friction
film formation, delamination and repair occurred on the wear surfaces of the materials
examined. This work was also published in the journals Carbon[41] and W ear[42].

Leigh’s work [39] examined the mechanisms of degradation of the mechanical
properties o f brake discs, focussing on the commercial composite produced by
Dunlop Aerospace but also including research on model materials designed to
represent elements o f the structure of the composite material. Optical microscopy of
ex-service discs revealed significant evidence of oxidative attack associated with
reduced density and strength, although this could not be correlated with the age of the
disc. Testing o f whole discs revealed a failure mechanism by delamination of the plies
close to the load bearing face o f the tenons (‘broomstick failure’). A phenomenon
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involving the gradual loss o f material from the load bearing face was proposed as a
second mechanism that could lead to failure (‘slot widening’). It was suggested that
this was due to a cyclic process o f film formation and detachment on the load bearing
faces o f the tenons during repeated compressive loading. Flexural testing using an
edgewise configuration to avoid premature failure by interlaminar shear was used to
measure the flexural properties o f ‘model’ materials representing structural elements
o f the composite and to assess the effects of oxidation up to 6 % weight loss on the
strength o f the composite. The flexural properties of the individual layer types were
estimated from those of the model materials. Oxidation resulted in a reduction in
flexural strength o f a magnitude less than that seen in other carbon-carbon composite
materials [36], although it was suspected that this difference might be attributed to the
novelty o f the test method. Optical microscopy of the oxidised materials showed
preferential attack along the fibre matrix interface attributed to structural disorder,
residual stress and the presence o f catalytic impurities.

1.4.3

Current tests on Dunlop Aerospace carbon-carbon composite

Quality control tests used during the manufacture of carbon-carbon composites are
summarised by Fisher [43]. For a process where the highest composite density is
required, the measurement of component density at each manufacturing stage is an
obvious and simple test. Currently at Dunlop Aerospace, mechanical tests are
performed on the brake material in order to guarantee product integrity as part of the
quality control (QC) process. These include edgewise and flatwise flexure, platten
loaded simple block compression and double punch interlaminar shear, with the ease
o f specimen machining and simplicity of test method important factors in the choice
o f test used. These tests do not provide design data such as Young’s moduli or a full
set of strengths. Torsion strength tests involving a either a full disc or a disc segment
placed in a special carrier and loaded on the tenon by a torque tube can be used during
the qualification of a new brake design and on batches where results from QC tests
suggest borderline acceptability. For the final qualification of a brake design, it is
essential to conduct full structural torque tests in which an entire wheel assembly is
pushed with a force equivalent to that in service against a flywheel that simulates the
energy of the aircraft and the brakes applied.
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OBJECTIVES
The primary aim of this project is to improve the understanding of the stress
distributions and failure mechanisms experienced by carbon-carbon composite brake
discs, neither o f which is fully understood. To facilitate this, finite element (FE)
models o f the composites will be developed and the mechanical properties of the
carbon-carbon composite material used in these brake discs, which have not been
fully characterised, will be studied. This project has been carried out in association
with Dunlop Aerospace as an EPSRC CASE studentship. It therefore focuses on the
carbon-carbon composite produced by Dunlop Aerospace, however it is envisaged
that the work will have broader applications with regard to the modelling and
mechanical testing o f carbon-carbon composites in general.

The individual project objectives are as follows: -

(a)

To develop a FE model o f the composite using a commercially available
program that will provide a better understanding of the mechanical behaviour
o f carbon-carbon composites used as aircraft disc brakes. This requires the
selection o f an appropriate and realistic modelling approach.

(b)

To use the chosen modelling approach to develop a FE model based on the
composite architecture developed by Dunlop Aerospace for their disc brake
material and to apply the FE model to specific ‘model’ composite lay-ups for
comparison with mechanical test data for the purpose of FE model validation.

(c)

To carry out a comprehensive study o f the mechanical properties of the model
composites formulated using structural elements of the Dunlop carbon-carbon
composite, in order to provide input data and validation data for the FE model.

(d)

To carry out microstructural investigation and macroscopic observation of the
deformation and failure modes of the model composites to better understand
their fracture behaviour in various test modes.

(e)

To apply the FE model to disc brake segments, comparing the results with
mechanical tests on disc brake segments, which will be loaded by their drive

43

Chapter 2

Objectives

tenons in a manner intended to simulate in-service loading, so as to further
validate the FE modelling approach used.
The following longer-term benefits might also be envisaged from the proposed work
described above: -

1.

Reduction of testing required

Once the model has been validated, it is expected that the mechanical properties and
modelling approach might be used in further FE modelling by Dunlop Aerospace.
Whilst FE modelling o f such a component initially seems straightforward, for the
brake discs it has been restricted by the complex nature of the material and a lack of
material properties. Modelling is also complicated by the material not being isotropic.

Currently, testing o f brake discs and assemblies at Dunlop Aerospace is conducted
using expensive large-scale equipment. This is essential to meet required standards of
aircraft safety, where tests must replicate as closely as possible the conditions that the
discs or brake assembly and discs will experience in service. While most of these tests
will remain essential, the use o f FE modelling offers the opportunity to reduce the
number o f tests required in the earlier stages of product development. For example,
following FE analysis of a new design, a decision could be made as to whether or not
to progress to intermediate or full scale testing. If not, the design could be modified
and modelled again before progressing to these tests, so reducing the number of
unnecessary tests and prototype components made, thereby reducing costs.

Another possibility following model validation is that a simplified (square) tenon
geometry could be modelled for comparison with the existing geometry. Should this
produce similar results, test pieces of this simplified geometry could be used for
strength tests on drive tenons to assess the effect of modifications to the tenon region.
The advantage of using such test pieces is that they could be mounted in a
conventional mechanical test machine rather than the large and complicated machine
currently used at Dunlop Aerospace to assess drive tenon strength. Possible
modifications to the region include those that could be modelled relatively easily, for
example tenon aspect ratio and composite lay-up, plus those that would be more
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difficult to model, for example the addition of extra layers or through-thickness
needling in the tenon region.

2.

Improved understanding of mechanical properties

Since the mechanical properties of the carbon-carbon composite material used in the
brake discs have not been fully characterised, it is envisaged that these tests will
provide a greater understanding o f the strengths and weaknesses of this particular type
o f carbon-carbon composite. Although it would be possible to use existing mechanical
property data for the FE modelling, it is likely that this would introduce non-trivial
inaccuracies for the following reasons. Firstly, since there are many possible
combinations of fibre type, fibre volume fraction, fibre arrangement and matrix type
(Section 1.2), there exist large variations in the mechanical properties o f carboncarbon composites in general. Therefore to use these properties without knowledge of
the exact composite architecture and processing method is inadvisable. Secondly,
although some data is available on the mechanical properties of this particular
composite, this data is limited.

Current data on the composite includes compressive strength, edgewise flexural
strength, flatwise flexural strength and interlaminar shear strength from quality
control tests performed at Dunlop Aerospace, plus edgewise and flatwise flexural
strengths and elastic moduli of materials representing elements of the disc material
from a study by Leigh [1]. This data is lacking in four respects. Firstly, there is the
absence o f elastic moduli for the actual disc material, which is essential for structural
FE analysis. Secondly, the available elastic moduli of the materials representing
elements o f the disc material disc are all flexural values. These are not necessarily the
same as the compressive or tensile moduli for a material that may exhibit different
behaviour in tension and compression. Thirdly, other than interlaminar shear strength
there is a lack o f data on shear properties, of which the in-plane shear modulus would
be particularly important given the manner in which the disc is loaded in service.
Finally, there are no through-thickness properties other than interlaminar shear
strength. Although these might be thought to be of less importance than the other
properties, brake discs are not the only objects that can be made using the Dunlop
Aerospace carbon-carbon composites, other possibilities include conical nozzles,

45

Chapter 2

Objectives

tubes, blocks and first wall plates for nuclear fusion reactors. Additionally, the disc is
compressed in the through-thickness direction during braking.

The requirement for such a detailed mechanical test program can be further justified
in that the architecture of the individual layers used (continuous fibre layers needled
to a felt layer) is unlikely to change significantly in the foreseeable future due to the
specialisation o f the manufacturing equipment and restrictions on the modification of
aircraft components following qualification for their purpose.

3.

Possible extension to other composites and applications

More generally, the FE model to be developed in this work may be adapted for
applications other than disc brakes and for carbon-carbon composite architectures that
are different from the Dunlop brake material. The small number of published papers
on the finite element modelling o f carbon-carbon composites (Section 3.3) are
generally imprecise in describing the exact modelling approach. The mechanical
properties would be useful with regards to this particular type of carbon-carbon
composite, i.e. one that comprises a combination o f felt and continuous fibre layers.
This type is not exclusive to Dunlop Aerospace composite due to its advantage of
avoiding kinks in continuous fibre bundles and its suitability for CVI. Additionally,
the mechanical testing would produce information about failure modes in carboncarbon composite testing, for which there are still no specific mechanical test
standards. The out o f plane properties, which apart from the interlaminar shear
strength are often not investigated, might also be of wider interest.

^ Leigh B D (1999). Strength Degradation o f Carbon-carbon Composites fo r
Aircraft Brakes. PhD thesis, University of Bath, UK.
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3.1

Introduction to FE modelling

3.1.1

Overview

The finite element method estimates the effect upon an object resulting from the
application o f a load and boundary conditions. The nature of these loads and resulting
effects will depend upon the modelling discipline required, which may be structural,
thermal, magnetic or electrical. Most of the loads and effects are vector or tensor
quantities. For simplicity, this section will discuss mainly structural modelling, where
the loads are comprised o f displacement constraints, forces and pressures, while the
effect of these on the object being modelled would be displacements, rotations,
stresses and strains. In this chapter terms with specific meanings in FE modelling are
denoted in bold type.

The finite element method works by breaking the object down into a number of
discrete pieces, termed elements, in which the effect of the loads is calculated
separately. These results then contribute to determining the effect of the applied loads
on the whole object. The advantage of the finite element method is its ability to
predict the variation of a quantity, such as stress or strain, across objects of
complicated geometry under a variety of complex loading conditions. This enables its
application in situations where an analytical solution or approximation to the problem
would be impractical or impossible. Unlike analytical solutions, the finite element
method is a numerical rather than a classical method. The results produced by the
finite element method are therefore an approximation, the extent o f which is
dependent upon the element size (Section 3.1.4) and the assumptions made.

3.1.2

Basic terminology and method

As mentioned in the previous section, the finite element method breaks down a
structure into discrete pieces called elements. These elements are defined by nodes,
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which form the geometry o f the element and are the points at which the elements are
connected to adjoining elements and are shared with those adjoining elements. Nodes
are therefore found at the comers and sometimes the mid points of edges o f the
elements. The pattern o f elements so formed is called a mesh. The process of
breaking down the structure into elements is known as discretisation and is carried
out by the finite element program used. Depending upon the dimensionality and
discipline o f the problem that requires solution, different element types can be used
having the required degrees of freedom at each node. Degrees of freedom are
quantities that may be scalar or vector, which can vary at each node as a result o f the
loading conditions. For a structural analysis these can be displacements or rotations,
while for a thermal analysis they are temperature.

In a linear elastic analysis, the finite element program uses stiffness matrices to
represent the problem. The forces applied to the nodes of each element are related to
the nodal displacements, which are determined by the element stiffness matrices.
According to Entwhistle [1J, this process assumes that each load component will
produce displacements in all degrees of freedom of the structure that vary linearly
with the force producing them. Additionally, the deflections generated by a number of
loads will be the sum o f the deflections that would be produced by each load acting
singly. Once these element stiffness matrices have been determined, the program
combines them together into a single matrix, known as the global stiffness m atrix, in
a process known as assembly. The global matrix is formed by placing the coefficients
from each element stiffness matrix in the appropriate row and column in the global
matrix. Since most often the nodal forces are known and the nodal displacements are
required to solve the problem, this global stiffness matrix is inverted, before being
solved to determine the nodal displacements resulting from the applied force. The
stresses across the structure can then be calculated.

When performing an analysis using a commercial FE package, it is necessary to
follow a number of specific steps. The order in which these are carried out will
depend upon the exact program used. These steps are as follows: -
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1.

Specification o f model geometry. The geometry of the object is defined in a
coordinate system. Usually the object is drawn using a variety of simple
shapes such as cuboids, cylinders etc, which can be added to or subtracted
from one another to form the required geometry.

2.

Specification o f element type. The type of elements to be used must be
specified. This will depend upon the dimensionality (whether the model is in
ID, 2D or 3D space) and discipline of the model. Different elements are
required for different disciplines e.g. structural, thermal and magnetic, so as to
have the appropriate degrees of freedom at each node. Element types are
described further in Section 3.1.3.

3.

Entry of material properties. The properties o f the material comprising the
object to be modelled are entered. For a static structural analysis these will be
the Young’s moduli, Poisson’s ratios and shear moduli of the material.

4.

Generation o f mesh. The object is meshed automatically by the program
according to user specifications. The type o f mesh to be used will depend on
the geometry o f the model and the requirements of the user. Section 3.1.4
describes commonly available meshing options.

5.

Application o f boundary conditions and loads. Firstly, degree o f freedom
constraints such as displacement and symmetry constraints are applied to the
model. These are required to ensure that the model is sufficiently constrained
and will respond correctly to the applied forces. Symmetry constraints can also
be used to reduce the size and complexity of a problem. Secondly, forces or
pressure loads are applied to the model to simulate the intended loading
conditions o f the object being modelled.

6

.

7.

Solution of the model. The model is solved by the finite element program.
Post processing. This stage involves the collection of the required results data
from the solved model, which can be output by the program in a variety of
ways. These include lists or tables of numerical values (e.g. displacement,
stress, strain) at specified nodes, elements or faces and commonly contour
plots o f these quantities across the model.
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Types of element

Since the finite element method can be used to solve problems in one, two or three
dimensions, elements suited to these dimensionalities are required. Elements for ID,
2D and 3D modelling are known as line, plane or solid elements respectively,
examples o f which are shown in Figure 3.1. Plane elements can be either triangles or
quadrilaterals depending upon the meshing required, while solid elements can be
tetrahedra, prisms or parallelepipeds. Solid elements o f a roughly cuboidal shape are
sometimes termed ‘brick elements’. In addition to the dimensionality of the element,
there is also a choice between linear and higher order elements, the first of which
results in a linear approximation to the load-displacement relationship across the
element and the second of which uses a quadratic approximation across the element.
The quadratic element will have mid side nodes in addition to those at the comers and
when deformed is capable o f having curved edges. These are also shown on the
bottom row in Figure 3.1. Finally, in addition to the choice between elements of
different dimensionality, shapes and order, there is also the question of what degrees
o f freedom there are at the nodes, which will be decided based upon the modelling
discipline. For structural modelling elements will have displacement and sometimes
rotational degrees of freedom at each node.

Figure 3.1

Examples of various one dimensional elements (a), two dimensional

elements (b) and three dimensional elements (c), in linear forms (top row) and higher
order / quadratic forms (bottom row).
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Types of meshing

The different shapes of elements described in Section 3.1.3 lead to a range of ways to
mesh a structure. An object can be meshed using either a fine or a coarse mesh. A fine
mesh consists of a large number of small elements, while a coarse mesh consists of a
small number of large elements. This is illustrated in Figure 3.2.

(a) Geometry only

(b) Coarse mesh

(c) Fine mesh

(d) Mesh with elemental refinement

Figure 3.2

Examples of (a) unmeshed object, (b) meshed object with coarse mesh,

(c) meshed object with fine mesh and (d) meshed object with elemental refinement in
area of detail.

A fine mesh represents the structure more accurately, but since a larger number of
elements will be required to form a fine mesh rather than a coarse one for the same
sized object, the problem will take longer for the program to solve. Using a coarse
mesh will result in a reduction in the processing time and memory used at the expense
of representing the structure less accurately. Therefore a compromise is often
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necessary. For simple structures without fine details, a coarse mesh can be acceptable,
however when meshing around complicated features a fine mesh is preferable. For
this reason, many FE programs allow elemental refinement around specific features,
such as curves or fillets as shown in Figure 3.2 (d). This enables the advantages of a
fine mesh to be utilised in regions where it is of most advantage whilst avoiding an
unnecessarily fine mesh across the structure as a whole. Mesh size can be specified in
a variety of ways, as either ‘fineness’ on a scale defined by the program, as an exact
number of element divisions along a specified edge of the object or as a specific
element edge length. Further meshing options include the use of a mapped mesh or a
free mesh. A mapped mesh is comprised of elements of a regular size and shape and
therefore can only be used to mesh objects of a regular shape (Figure 3.3 (a)). A free
mesh allows the meshing of irregular shapes using tetrahedral elements, as shown in
Figures 3.2 ((b), (c) and (d)) and 3.3 (c). An intermediate between the two is a swept
mesh, shown in Figure 3.3 (b). Although a free mesh might seem preferable, it is not
suitable for use with elements designed to model layered solids such as the carboncarbon composite examined in this work. This point is elaborated on in Section 4.4.1.

(a) Mapped mesh
Figure 3.3

(b) Swept mesh

(c) Free mesh

Examples of objects meshed with a mapped mesh (a), a swept mesh (b)

and a free mesh (c).
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FE modelling of composites

A number of methods exist by which composites can be modelled using finite element
analysis. This section provides a brief overview of some of the possibilities, with
reference to examples in the literature.

3.2.1

Basic types of structural modelling

The finite element modelling o f composites presents many difficulties not present in
the modelling o f isotropic materials, such as most metals. These difficulties arise from
their multi-component nature, different directions o f reinforcement and the anisotropy
of some of their components. Typically these difficulties are manifested in the
necessity to acquire more material properties than are needed for an isotropic material
and by the fact that certain properties of some individual components, e.g. fibres, may
be difficult or impossible to measure. Further complications include the requirement
to specify reinforcement directions, which can preclude the use of irregular meshing
types.

Naturally, the type o f composite finite element model will depend upon the end
requirement. This may be to reveal the stress distribution over a whole structure, to
model specific regions o f that structure, such as a ‘unit cell’ of a periodic composite
lay-up, or to predict cracking or damage accumulation. However, whilst it reasonably
straightforward to achieve any one of these, combining the simulation of small scale
localised effects such as cracking into a large model o f a whole structure would be
extremely difficult, if not impossible, without the use o f custom written programs and
a large amount of computing power.

As a result, realistic FE models for composites tend to either model small features or
aspects of the composite, e.g. individual fibres and matrix, a crack in detail, or the
whole structure in less detail. In the case of modelling a large structure, the composite
microstructure is not modelled, instead overall effective material properties of either
the composite or its layers are used, which are approximations. The following
discussion examines some o f the types of composite models that have been used,
starting with those on the smallest scale.
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Micromechanical Modelling
Mechanical modelling o f composites on a small scale is known as micromechanical
modelling. In a micromechanical model, the different components of the composite or
representative parts o f these components are treated separately, with their own distinct
material properties. Micromechanical modelling can be used to gain an understanding
of how the components affect one another mechanically on a microstructural level. An
example o f this is a model o f part of a particulate inclusion (Figure 3.4 (a)) or short
fibre reinforcement (Figure 3.4 (b)) and the surrounding matrix, which can reveal the
stress distribution around them and ascertain the effect of particulate or fibre aspect
ratio on this. Alternatively, micromechanical modelling can be used to predict the
mechanical properties o f the composite on a larger scale by modelling a basic
repeating unit cell that is representative of the material incorporating the
reinforcement geometry and constituent mechanical properties. This unit cell might
also be designed to approximate to a composite structure that is relatively
homogeneous on a large scale but not strictly periodic, for example a reinforcement
phase in the form of particulates (Figure 3.4 (a)) or a foam. This unit cell approach
could be used in a situation where it was required to predict the effect on composite
properties o f changes in variables such as the reinforcement volume fraction,
reinforcement arrangement, matrix type and porosity. The information provided could
be used to achieve optimal composite properties when designing composites.
Micromechanical models are discussed by Li and Wisnom

in a review of their

application to unidirectionally reinforced metal matrix composites. They conclude
that such models offer ‘more accurate and detailed characterisation of the composite
properties for complicated geometries and constituent property variations’ in
comparison to analytical models, whilst emphasising the importance of first hand
characterisation o f the properties of the constituent materials, such as the fibres and
matrix, in order to obtain good predictions.

One o f the approaches described above, i.e. modelling a unit cell of the material to
estimate the overall properties o f the composite, can also be performed on a larger
scale than the microscopic scale. Instead of fibres and matrix, the basic units o f the
model might be fibre bundles (Figure 3.4 (c)) or layers (Figure 3.4 (d)) approximated
as transversely isotropic materials. As for the micromechanical version, the purpose of
this model would be to calculate the effective material properties of the composite
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from the material properties of these constituents. In a review of modelling for
predicting the mechanical properties of textile reinforced fibre composites, Tan, Tong
and Steven t3] state that most of the models for textile composite architectures were
based on the definition of a unit cell geometry. These included some of the major
architectural parameters in predicting the mechanical properties, although generally
the models needed to be further improved and experimentally validated.

Particulate
reinforcement

Short fibre
reinforcement

Matrix
Matrix

Figure 3.4

(a)

(b)

(c)

(d)

Schematic examples of possible micromechanical models: (a) Simple

model to determine stress distribution around a particulate reinforcement in a matrix;
(b) Similar model for a short fibre reinforcement in a matrix; (c) Fibre bundles that
could together be approximated as a transversely isotropic material; (d) Model
consisting of layers each of which are represented as a transversely isotropic material.

Cracking and delamination
Other features of composites that can be modelled include cracking and delamination.
The modelling of cracking, either in a composite or a non-composite material, is
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usually carried out using a model designed to represent a portion of the material
through which the crack opens. This requires a mesh that is finer around the path that
the crack is to follow and can reveal the stress distribution around the crack[4].

Layered (laminate) modelling
Another type o f composite modelling that has received considerable attention is
laminate modelling. This is because some of the most widely used composites, such
as glass fibre reinforced plastics and carbon fibre reinforced plastics are used in
laminate form. Since a layered structure is a feature of many composites, specially
designed elements that incorporate these layers, known as layered elements, are
available in many FE programs. These can be layered shell elements, which are
effectively 2D elements and do not allow through-thickness stresses or layered brick
elements, which are 3D elements that allow stresses in the through-thickness
direction. These two types of elements are intended for the modelling of thin
composite plates and thick composite pieces respectively. The rationale for the use of
such elements is explained by Hitchings[5], who states that the layered nature of
laminated composites means that only certain element types can be used efficiently
for FE analysis o f them. This is because the use o f conventional brick elements that
are stacked such that one layer of elements represents a single composite layer is
impractical due to the large computational power required to run such a model if there
were more than just a few layers. The large number of elements follows from both the
number in the through-thickness direction and also the number in the in-plane
direction that are required in order to avoid unreasonably large element aspect ratios.
Hitchings also states that layered brick elements can be used ‘where the composite
lay-up is very thick and the geometry is more solid than plate like or where there is a
3D stress field in the material’. The difference is emphasised between thin composite
panels, whose in-plane dimensions are large compared to their thickness, and may be
modelled as one element thick and thicker composites where such an approach would
be inappropriate.

In order to use layered elements, the material properties of the

individual layers are required. A common approach when considering composite
layers is described by H y e r w h o states that when modelling laminated composites it
is common to approximate a layer of unidirectionally arranged fibres as a transversely
isotropic continuum rather than considering the effects of the individual fibres within
each layer. Using this approach, ‘the strain of an individual fibre or element o f matrix
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is o f no consequence at this level of analysis’ and ‘the effect of the fibre
reinforcement is smeared over the volume of the material’. The rationale behind this
is to ‘make the analysis o f a fibre-reinforced composite easier’ although clearly ‘this
single material does not have the same properties in all directions’. A transversely
isotropic material such as a unidirectionally reinforced fibre layer is also known as
specially orthotropic and exhibits equivalent properties in two orthogonal directions
and different properties in a third orthogonal direction. In this case the two directions
perpendicular to the fibre direction are equivalent. These transversely isotropic
material properties can be used by a FE model using layered shell or layered brick
elements to calculate the properties o f the whole element given the orientation of the
layers (lay-up) within it. Layered shell and layered brick elements can also
incorporate failure criteria, such as maximum stress criterion, maximum strain
criterion and Tsai-Wu criterion (discussed in Chapter 4), that can be used to predict
which layer will fail first in response to the applied stress.

Modelling at a large scale
The largest scale at which a composite can be modelled is the case where it is required
to model the whole structure. For structures comprised of thin laminated panels, the
layered shell elements described above would be most appropriate. Alternatively, for
geometries that allow for mapped meshing, the use of layered brick elements could be
considered. The simplest method would be to model the material as a continuum with
in-plane isotropy. However, this would be an approximation and would not reveal
local stresses in individual layers. This may not be a problem if the size of the
composite layers was small compared to the size of the object, because as long as the
lay-up gives rough in-plane isotropy over a repeating unit of a small thickness, the
properties o f these layers would average out at the scale of the overall object. If the
finest features of the model geometry were of comparable size to the layers, then the
stress distributions predicted by the model around these would not be accurate
because adjacent layers with varying orientation would have substantially different
properties due to their orientation. Additionally this would be an unsatisfactory
method for a thin laminated structure since it would not predict the bending or
twisting that can result from stressing certain lay-ups.
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FE modelling of carbon-carbon composites in the literature

Unlike the case for composites in general, such as carbon fibre reinforced plastics and
glass fibre reinforced plastics, there are very few papers on the finite element
modelling o f carbon-carbon composites in the literature. O f the recent studies on
carbon-carbon composites involving FE models, only a few are relevant to this project
[ 4 , 7 , 8 , 9]

T hggg

incorporate a diverse range of approaches, none of which is totally

appropriate to the present study. Nevertheless, these were consulted in order to help
generate ideas about what modelling approach to use and are described as follows.
Other papers that were o f less relevance dealt with the thermal modelling of carboncarbon composites [10] or with the modelling of carbon-carbon composite very
different to the Dunlop Aerospace brake material, for example one with a
multidirectional 4D lay-up

Anand, Gupta and Y-He

performed a FE study to determine the influence of

microstructural inhomogeneities on the compressive and shear strength o f a 2D
carbon-carbon composite comprised of woven layers of either 5-hamess (5-H) or 8 hamess ( 8 -H) satin weave. They modelled a ‘unit cell* of the composite weave, which
contained a crack, and simulated the various fibre bundle layers within this unit cell
by assuming them to be a homogeneous transversely isotropic material with the fibres
and matrix ‘smeared’ together. The model predicted stable progression o f interply
cracks aligned with the loading axis in compression and unsable propagation of the
same cracks under interlaminar shear loading. To increase the compressive strength
by favouring a bundle kinking failure mode over a delamination failure mode, the use
of an

8

-H over a 5-H weave was recommended. This approach is not entirely

appropriate to the present study since it models a woven composite and only a small
section of it, yet their success in treating the fibre bundles and matrix as a
homogeneous material shows that a viable FE model of a carbon-carbon composite
need not necessarily treat these features separately.

Aubard, Cluzel, Guitard and Ladeveze [8] simulated the central section of a loaded
square bar with a microstuctural model that described a carbon-carbon composite
(Sepcarb 4D) as three mesoconstituents; the yams, the matrix between yams and the
interface, with interface or contact elements used to model the interfaces between the

58

Chapter 3

Introduction to FE Modelling

yams and the matrix. To reduce computational requirements, periodicity was used to
reduce the calculated volume. They predicted a 50 % loss in the longitudinal rigidity
of the bar when the interface was almost totally damaged in comparison to a
completely intact interface. Additionally, for the 4D lay-up used, where the yams
(fibre bundles) were parallel to the cross comer diagonals o f a cube, the stiffness of
the bar was predicted to increase with cross-sectional area, in agreement with
experimental observations. This was attributed to an edge effect that results in the
studied carbon-carbon composite exhibiting a mechanical behaviour that differs
depending upon the proximity to a free surface. Whilst this work is an example of
modelling the fibre bundles as separate entities to the matrix, for the present study this
is not particularly useful from a practical point of view, since the authors stated that
the finite element problem becomes very large, probably due to their use of interface
elements, thereby requiring that only a small portion of composite be modelled.

He, Han and Du

[91

used an FE model to predict the elastic properties of 3D fine

weave pierced carbon-carbon composites. Their model was based upon the
assumption that a composite materials system can be regarded as an assemblage of
unit cells, thus predicting the unit cell properties from the those of its constituents will
give the overall composite properties. The unit cell was constructed from impregnated
yam bundles in the z -direction and the repeat unit of a woven fabric in the x - y
plane. In the FE model the woven fabric component was treated as a single entity with
its properties calculated from its constituent properties and weave parameters using an
analytical expression. The model was solved repeatedly using fibre and matrix
properties over a range of temperatures. They found that the tensile elastic moduli
predicted by the model were in good agreement with the measured tensile moduli for
the type of 3D carbon-carbon composite modelled over the temperature range used. It
was implied that this method would be useful to evaluate the relative performance
capability o f candidate materials. Although the present study does not involve woven
fabric reinforcement, this work is an example of how the effects of through-thickness
needled reinforcement can be modelled. Such reinforcement would be a possible way
to improve the through-thickness properties of the Dunlop carbon-carbon composite.
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Cao and Sakai[4] used FE analysis to model the stress and strain field ahead o f a crack
tip in the compact tension test geometry. The model was 2D in order to reduce
computational requirements, which can be large if modelling cracks due to the fine
mesh required around the crack tip. Their carbon-carbon composite was treated as
isotropic, which is a simplification given the anisotropic nature of carbon-carbon
composites generally. They showed that the stress field along the crack line has a
decreasing profile o f tensile stresses from the crack tip converting to monotonically
increasing compressive stresses toward the back face of the compact tension specimen
via a rotational centre and also estimated the crack-face fibre bridging stresses and
their distribution profile. Whilst illustrating how to model the stress distribution
around a crack using specialised model, this study is not of great relevance to the
current work, since it does not address the modelling of a large piece of composite in
three dimensions and although intended for application to a carbon-carbon composite,
could have been applied equally well to any isotropic material provided that the
appropriate mechanical properties were used.

Kyoung, Kim, Hong and Jun

1111

performed FE analysis of a simple cross-width

delamination in unidirectional and cross-ply laminates under compressive loading,
considering multiple delaminations in the same plate. The model used

8

-node

degenerated shell elements to represent the laminate layers and virtual beam elements
to define contact node pairs between the shell elements to prevent overlapping
between layers. They showed that multiple delaminations lower buckling loads and
load carrying capacities in the postbuckling region. Although this study was not on a
carbon-carbon composite, it illustrates the specialised methodology required to model
material features such as delaminations, which would be difficult to incorporate into a
larger model of a component of complicated geometry.

To summarise, a limited amount of work on the structural modelling of carbon-carbon
composites has been published. The question of whether a modelling using a layered
approach would be relevant or valid for laminated 2D carbon-carbon composites can
therefore be asked. The development of a modelling approach along these lines for the
Dunlop carbon-carbon composite is discussed in Chapter 4.

60

Introduction to FE Modelling

Chapter 3

Entwistle K M (1999). Basic Principles o f the Finite Element Method, p. 1. IOM
Communications Ltd, London, ISBN 1-86125-084-3.

[2] Li D S, Wisnom M R (1994). Finite-element micromechanical modelling of
unidirectional fiber-reinforced metal-matrix composites. Composites Science and
Technology, 51 (4), pp. 545-563.

Tan P, Tong L, Steven G P (1997). Modelling for predicting the mechanical
properties of textile composites - A review. Composites Part A, 28A (11), pp. 903922.

[4] Cao J W, Sakai M (1996). Crack-face Fibre Bridging: Finite Element Analysis,
Analytical Model and Experimental Result. Journal o f Materials Research, 11 (6 ), pp.
1537-1544.

[5] Hitchings D (2000). Chapter 5: Composites and finite element analysis, p. 71. In:
Matthews F L, Davies G A O , Hitchings D, Soutis C eds. Finite element modelling o f
composite materials and structures, pp. 71-93. Woodhead Publishing, Cambridge,
ISBN 1-85573-422-2.

^ Hyer M W (1998). Stress analysis o f fiber-reinforced composite materials, pp. 3941. McGraw-Hill International Editions, Mechanical Engineering Series, ISBN 0-07115983-5.

Anand K, Gupta G, Y-He M (1995). A Numerical Study of the Compression and
Shear Failure of Woven Carbon-carbon Laminates. Journal o f Composite Materials,
29(18). p. 2446.

[8] Aubard X, Cluzel C, Guitard L, Ladeveze P (1999). Damage Modelling at the
Mesoscopic scale for 4D Carbon-Carbon Composites. Key Engineering Materials,
164, p p .159-162.

61

Introduction to FE Modelling

Chapter 3

[9] He X D, Han J C, Du S Y (1996). Effective elastic properties of 3D carbon-carbon
composites at high temperature. Advanced Composites Letters, 5 (2), pp. 49-52.

tl0] Klett J W, Ervin V J, Edie D D (1999). Finite-element modelling of heat transfer
in carbon/carbon composites. Composites Science and Technology, 59 (4), pp. 593607.

[11] Kyong W M, Kim C G, Hong C S, Jun S M (1998). Modelling of Composite
Laminates with Multiple Delaminations under Compressive Loading. Journal o f
Composite Materials, 32 (10), pp. 951-968.

62

Chapter 4

Development of Finite Element Models

CHAPTER 4
DEVELOPMENT OF FINITE ELEMENT MODELS
The purpose o f this chapter is firstly to explain the rationale behind the selection of
the FE models for this project (Section 4.1). This is done by considering alternative
modelling approaches at different scales, with reference to the different types of
composite modelling described in Section 3.2. Having considered these alternatives
and selected two realistic modelling approaches, the material properties required for
these two approaches are then considered (Section 4.2). In order to do this, some of
the theory underlying the number o f material properties required to describe the
elastic behaviour of orthotropic and transversely isotropic materials is first examined.
The material properties needed and the materials that are required for use in
mechanical property testing to acquire these properties are then considered. Section
4.3 describes how the models can be validated. Finally, Section 4.4 introduces the
structural element types suitable for the proposed modelling in the FE program
ANSYS 5.7 and discusses some different ways in which these can be applied to the
layered model. The three failure criteria available for use with the two layered
element types are also examined.
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A review of possible FE models

4.1.1 Selection of scale and nature of FE model

It is required to select a suitable modelling approach for the Dunlop carbon-carbon
composite that is the focus of this project. The selection of modelling approach
consists of a choice between the scale of the model and the level of detail and whether
any specific features are to be modelled. Essentially, this involved a choice between: -

(i)

modelling at a microstructural scale (modelling individual fibres, matrix and
interface),

(ii)

modelling at the scale of individual layers (laminate modelling),

(iii)

modelling as an approximation to a bulk continuum with in-plane isotropy.

Additionally, microstuctural and layered (laminate) approaches present a range of
options, for example: -

(i)

if the smallest features are fibres, a portion of a single fibre and its
surrounding matrix may be modelled, or several fibres that may interact with
each other and the matrix may be modelled, or enough fibres to make a whole
layer,

(ii)

if layers are treated as the smallest feature, so that fibres and matrix are
approximated as a orthotropic or transversely isotropic material, a small
portion o f composite may be modelled or the whole component.

These points illustrate that a decision must be made about the smallest features to
consider, and the number of the finest features that should be modelled.

4.1.2 Microstructural models

It was stated in the objectives of this project that it was required to apply an FE model
to carbon-carbon composite disc brake segments. This was so that the stress and strain
distributions in the tenon region could be examined. Therefore the modelling
approach to be used must be capable of realistically modelling a whole disc segment.
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It is clear that the computational requirements would be far too great to model the
complete tenon at a microstructural level. The definition of the model and the
assignment o f the correct material properties to the different constituents would also
be impractical. Additionally, even without considering computational requirements or
practicality, it would be almost impossible to obtain the input data required for the
model. This is because the mechanical properties of the matrix and fibres would be
required, which cannot readily be obtained for the following reasons: -

1.

Individual fibres cannot be tested in tension transversely other than by indirect
methods, such as those described by Dresselhaus et al. [1]. Similarly difficult
indirect methods are required to test them in compression longitudinally, for
example that described by Johnson [2\ which involves determination o f fibre
compressive strength from a loop during bending or a recoil test.

2.

Even if fibres could be tested alone, the process of matrix deposition coats
their surfaces with CVI carbon, which may affect their mechanical properties
by covering and smoothing over defects. Also, there is fibre-matrix interaction
during fabrication (i.e. heat treatment and cooling).

3.

Although it may be possible to obtain bulk matrix and attempt to measure its
properties, since it forms on the walls of the CVI furnace, such material would
be of a different morphology from that in the composite, since it would grow
outwards from a flat surface, while the matrix grows outwards radially from
each individual fibre in a sheath. The material properties obtained from this
material might therefore differ from those of the carbon matrix.

Since for the reasons stated above, the microstructural model would not be suitable,
this leaves only the option of using individual layers as the smallest unit o f the
composite to be defined in an FE model. This appears to be feasible both
computationally and from the point of view of obtaining the required mechanical
properties, as discussed in the next section.
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Laminate and in-plane isotropic models

Unlike microstructural modelling, modelling a segment of the disc at the scale of
layers need not be time consuming computationally, depending on exactly how the
layers are represented. This is because, firstly, the layers are much larger than fibres,
and secondly the planes o f the layers are parallel enabling the use of a simpler and
coarser mesh than that required for a microstructural model. Either conventional or
layered composite elements can be used (see Section 4.4.1). The number of layers that
would be used when modelling the whole disc from individual layers is far smaller
than the number of fibres that would be required if modelling even only a small
section of an individual layer from its constituent fibres and matrix. However, since it
is conceivable that this approach could involve difficulties concerning the definition
and meshing o f the layers, the investigation of a second, simpler approach, where the
whole composite is approximated as an orthotropic continuum or a continuum with
in-plane isotropy also seems sensible.

Obtaining the required mechanical properties for layered modelling might initially
appear to pose a similar problem to obtaining those of the fibres and matrix, since
individual layers do not exist on their own. However, testing a material consisting of
several identically aligned (0 -0 °) layers can provide material properties that
approximate those of a single layer. Unlike individual fibres bundled together without
a matrix, stacked layers form a coherent solid with the layers bonded together by a
matrix of identical morphology to that in a single layer. The key assumption behind
this approach, that testing a large number of perfectly aligned (0 -0 °) layers should
provide material properties that can be assumed to be identical to those of an
individual layer, seems reasonable. As well as considering the properties of several
unidirectional layers to be equivalent to those of a single layer to measure their
properties, layered modelling necessarily assumes that the fibres and matrix
approximate into a transversely isotropic or orthotropic continuum. This is because
since the fibres and matrix are smaller than the layers then when using layers as the
smallest entities the fibres and matrix cannot be treated as such. Such an
approximation was described in Section 3.2.1 and is explained further in Section
4.2.3.
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For the second modelling approach, where the material is approximated to a
continuum with in-plane isotropy, obtaining the required properties is much more
straightforward. This involves mechanical tests on material of an identical lay-up to
that used in the brake discs and does not require materials with specially aligned
layers to be made. It should be noted that the lay-up of the disc material is designed to
give rough planar isotropy. This is done by taking a unit consisting of two DAM
layers oriented at 90° to one another (0-90°), which is subsequently repeated at 35° to
the unit before, such that a sequence of layers 0°, 90°, 35°, 125°, 70°, 160° etc is
formed. As a result, it approximates to a material where properties in material
directions 1 and 2 (in-plane) are identical whilst properties in material direction 3
(through-thickness) are different from those in-plane. Although such a material can be
described as transversely isotropic, it is not so described in this case. This is to avoid
confusion with transversely isotropic composite layers, which are discussed in
Sections 4.2.2 and 4.2.3 and have identical properties in material directions 2 and 3
that are transverse to the fibres.

Finally, it should be emphasised that although the disc material is of a quasi-isotropic
lay-up, which gives only rough planar isotropy, and is therefore not truly a material
with equivalent properties in material directions

1

and

2

, the benefits of this

approximation are considered to outweigh the slight loss of accuracy. This is because
over the thickness of the disc segment that will be modelled, this approximation is
reasonable. However, it would not be a reasonable approximation if modelling a piece
o f composite that is only a few layers thick. The benefits associated with the
simplification of a disc segment model using this approximation are substantial. These
include reduced computational time, greatly simplified model definition and limited
number o f mechanical tests.
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Material properties required for the FE models

The rationale for the choice of two modelling approaches was discussed in Section
4.1. The first model incorporates the individual layers of the composite and the
second approximates the composite as a continuum with in-plane isotropy. For both
these approaches, appropriate material properties are required. These properties are
Young’s moduli, Poisson’s ratios and shear moduli. These can be obtained from
mechanical tests on material with lay-ups representing elements of the Dunlop
carbon-carbon composite. However, since neither the individual layers nor the
composite as a whole are isotropic, a larger number of these material properties are
required than would be the case for an isotropic material. The exact number is
determined by the class of symmetry approximated to by the material representing
that element o f the Dunlop composite. The purpose of this section is to determine
what material properties are required to model the composite by the two different
approaches and therefore what materials and tests are required. In order to do this, it is
necessary to know how the number of independent elastic coefficients varies with the
symmetry o f the material (Section 4.2.1). The properties required for two different
layered modelling options and the approximation as a continuum with in-plane
isotropy are then shown (Section 4.2.2). Finally, ‘model’ materials that can be tested
in order to acquire the material properties for the different models are introduced
(Section 4.3.3) and used to explain the two different layered modelling options.

4.2.1

Material properties required to describe anisotropic elastic behaviour

An isotropic material has identical mechanical, physical, thermal and electrical
properties in all directions. The elastic behaviour can be described using three elastic
constants, Young’s modulus E , Poisson’s ratio v and shear modulus G of which
only two are independent, since they are related by Equation 1.

Equation 1

G = —<
X
2 (1 + v )

An anisotropic material exhibits properties that differ with direction. This means that
several equations are required to relate stresses and strains in different directions.
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However a single tensor equation can be written relating the stresses and strains,
where the stresses and strains are written as matrices in which each term represents a
directional component of stress or strain. The terms o f the tensor matrix that relates
the stresses to the strains are related to the elastic constants of the material in different
directions. For a generalised linear elastic material, which may range between
isotropic and anisotropic in its properties, an elasticity tensor Cijki can be defined that
relates the stress tensor

Gy

to the strain tensor £*/ as shown in Equation 2.

Gij~Cijkie ki

The stress

Gy

Equation 2

is produced by a force in direction j on a plane normal to direction i ,

while the strain £*/ results from a change in length in direction I divided by an
original length in direction k . The stress and strain tensors are both second order and
each has 3 x 3 = 9 components in 3 dimensional space. The elasticity tensor, which
relates the two, is therefore a fourth order tensor and has 9 x 9 = 81 components.
However, the stress and strain tensors are symmetric (i.e. Gy = Gji and £*/ = £/*) and can
therefore be written in a shorthand n o t a t i o n a s follows: -

Gi

023 = 04

£l 1 = £l

2 £23

~

£4

022 = 0 2

013 = 05

£22 = £2

2 £ i3

=

£5

033 = 03

012 = 0 6

£33 = £3

2 £ i2

=

£6

0 ii -

Using this notation, the equation relating stress to strain can be written in a contracted
form, which is not a tensor. In this contracted form, stresses are written as Gi and
strains are written as £y (N.B. This notation should not be confused with that used for
principal strains later in this thesis).

Gt = CyEj

Equation 3

The stresses Gi and strains £y are represented by 1 x
6

6

matrices and are related by a

6

x

elasticity matrix Ctj with 36 components (Equation 3). The existence of a strain
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energy density function results in the matrix Ci} being symmetric (i.e. Ci} - Cjt)
therefore only 21 of these components are independent. This means that there are 21
independent elastic constants for an anisotropic material. Materials that fall between
anisotropic and isotropic possess increasing levels of symmetry resulting in many of
the components of the matrix Cv being zero or equal to one another, reducing the
number of independent elastic constants. Table 4.1 shows the number of non-zero and
independent elastic constants for materials ranging between anisotropic and isotropic.

Class of material

Number of non Number of independent
zero coefficients coefficients
21
36
20
13
12
9
12
5

Anisotropic
One plane of symmetry
Two planes o f symmetry (Orthotropic)
Transversely isotropic
Isotropic
Table 4.1

12

2

Summary of the number of elastic coefficients involved for certain

classes o f materials (from Vinson[3]).

The components of the contracted elasticity matrix C/y are closely related, but not
equivalent to, the mechanical properties: - Young’s moduli, Poisson’s ratios and shear
moduli. The relationships between these can be most easily seen when the elasticity
matrix is written in its compliance form, which would be used to calculate the strains
resulting from an applied stress on the material. When written out in full for an
orthotropic material, Equation 3, which relates stress and strain, becomes Equation 4.
This uses the contracted notation for stress and strain.

'

(eA
ci

1

v,2

v,3

Ex

Ei

Ei

V,2

1

V23

El

Ei

E2

1

«2

V,3

^3 _

%

v23
e2

£4

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

Ei

1
G23

%

V

\
0

<*5

1
0

0

Gu

0

0

0

0

0

Equation 4

°4

< V

1
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It is important to note that slightly different versions of the matrix in Equation 4 arise
due to differing definitions of shear strain and for different arrangements of the shear
strains in the contracted form. When using the contracted notation £\ to £$ and G\ to
06, the above matrix is appropriate. If instead of the contracted notation, where the
shear strains are written £4 ,

£5

and £6 , the non-contracted notation is used, where they

are written £2 3 , £1 3 and £ 1 2 respectively, then Equation 4 is rewritten as Equation 5.

' 1
(e 'S
e22
£33
^23
£13
e.
V /

.

A

V,2
Ex
V,3
Ey
0

v, 2
Ex
1
e2
v23
e2
0

V,3
Ex
v23
e2
1
E3
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1
2G23

0

0

1
2(7,3
0

0

(T22
^33
^23
^13
(T
0X2)

Equation 5

1
2

Note that the matrix components l/G 23, l/G 13 and 1/G12 in Equation 4 are replaced
by 1/2G23, 1/2G13 and l/2G 12 respectively in Equation 5, because 2£23 = £4 , 2£b =

£5

and 2 £i2 = £6 - The ANSYS 5.7 program uses a different form, Equation 6 , with the
subscripts x , y and z used instead of 1, 2 and 3.

^ 1
Ex
X

£y

_

e*y

Ex
v,z
Ex
0

Ex
Vyz
Ey
1
Ez

0

0

0

1
Gxy
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

H
b

(e }

\

V<v
Ex
1
Ey
V,
Ey
0

Equation 6
1
0

0

°xz>

1

It is important to note that the positions of the shear strain components in the stress
and strain matrices and therefore the terms in the compliance matrix differ between
Equations 5 and

6

. Also o f importance is that apart from using subscripts that are
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equivalent to one another in direction, the terms exy, eyz and exz are not equivalent to
the terms £1 2 ,

£23

and £1 3 . This is because although the notation is similar, the

definition of the shear strains £xy, eyz and exz in the ANSYS 5.7 program is twice the
value of the shear strains £1 2 ,

£23

and

£13

respectively in the non-contracted tensorial

notation. This is because they are defined in the way commonly used for engineering
purposes, which is twice the value of the shear strain defined in the strain tensor. The
difference arises because the engineering shear strain, y 2 , is a total measure of shear
strain in the

1 -2

plane, while the shear strain used in the strain tensor, £1 2 , is the

average of the shear strain on the

1

face along the

2

direction, and on the

face along

2

the 1 direction, as illustrated in Figure 4.1. This can be a common source of error.

Shear strain tensor is the average of two
strains, i.e. 7 ^ = ( dv/dx+du/dy ) /
Figure 4.1

2

Engineering shear strain is the total shear

= yyx

strain, i.e. y^ = dv/dx+ du /dy

Different definitions of shear strain, after [4\

Usually, the symbols y 2 , yn and
strain, while £1 2 , £ 2 3 and

£13

to avoid confusion, where

713

are used for the engineering definition of shear

are used for the tensorial definition of shear strain in order
712

= 2 £i2 ,

7>3

= 2£23 and

713

= 2£o. It should be noted that

the ANSYS 5.7 program uses the engineering definition of shear strain as evident
from the ANSYS Theory Reference [5] (although the symbol £ rather than

7

is used in

this reference).

Since the shear strain by the engineering definition is twice the shear strain by the
tensorial definition, it is also equivalent in value to the shear strain written using the
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£5

and £6 ) as shown in Equation 7 for the 1-2 plane shear

strain.

7i2 = e 6 = ^ 1 2

Equation 7

The difference in the way shear strains are defined is of importance later in this thesis
where it is required to rotate the axes about which strains are defined. This is because
the results given by ANSYS 5.7 have to be converted into strains in the tensorial
notation, where they can be rotated, then converted back into strain by the engineering
definition.

The material properties required for the layered and in-plane isotropic models will
now be considered.
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Mechanical properties required for layered and in-plane isotropic models

This section identifies the material properties required to model the composite by a
layered approach by looking at the terms in the compliance matrix of materials of the
symmetry class that the layer material and Dunlop composite lay-up approximates to.

To model the material using a layered approach, the properties of the material
comprising the layers are required. These will approximate to either an orthotropic or
a transversely isotropic material depending on whether the duplex layers of the
Dunlop carbon-carbon composite are treated as one or two layers.

Orthotropic layers
If these layers are orthotropic, their compliance matrix will be as follows: ' 1
Ei
V,2
Ei
Vl3
Ei
0

V,2
Ei
1
e2
V23
E2
0

V13
Ei
v23
e2
1
E>
0

0

0

0

1
G*
0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1
Ga
0

V

0
1
G.2

The nine properties E lt E 2, E 3, V12, V13 , V2 3 , Gn , Gn and G23 will therefore be
required.

Transversely isotropic layers
If these layers are transversely isotropic with directions 2 and 3 equivalent, their
compliance matrix will be of the following form: -
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V,2

V 12

\
0

0

0

0

0

0

0

0

0

0

0

Ex
1

V 23

E2

E2

V,2

V 23

Ex

e

0

0

2

where

1

2

(l+u23) _ l
Gy

E2
2(1 + u 23)
0

E2
1
0

0

0

0

0

G x2
1
0

0

0

0

0

Gn j

V

Strictly speaking, only the five properties E lt E 2,

V 12,

V 23,

Gn are required.

However, it seems wise to also acquire G23 in order to check that it is accurately
predicted from V23 and E2. This is because the transverse strain required for
calculation of a Poisson’s ratio can be much smaller than the longitudinal strain and
therefore be difficult to measure accurately.

Continuum with in-plane isotropy
To model the composite as an approximation to a continuum with in-plane isotropy, it
should be noted that the composite lay-up is such that the material is quasi-isotropic
in-plane, i.e. directions

1

and

2

are approximately equivalent and will therefore be

assumed identical, i.e. in-plane isotropy. The compliance matrix for this situation is: 1
Et
V,2
Ex
V,3
Ex
0

v,2
Ex
1
Ex
V,3
Ex
0

V,3
Ex
V,3
Ex
1
e3
0

0

0

0

Ex
0

0

0

0

0

0

0

0

0

0

0

where

2

(l+ul3) _ _J_
E \

2 (1 +v,

G V:

0
2

(l + «„)
E,
0

Strictly speaking, only the five properties E x, E 2, V12, V13 and G12 are required. As
for the previous case, it seems wise to also measure G13 in order to check that it is
accurately predicted from V13 and E x.
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Mechanical properties required for the Dunlop carbon-carbon composite

In order to acquire the material properties for the two modelling approaches, materials
with an appropriate lay-up need to be made and tested. In order to model the material
as an approximation to a continuum with in-plane isotropy, the material required for
mechanical testing is that of the standard Dunlop composite lay-up, which is
approximately quasi-isotropic in-plane. The lay-up o f this material consists of a unit
comprising two DAM layers oriented at 90° to one another (0-90°), with the next unit
rotated by 35° with respect to the first unit and each subsequent unit rotated by 35°
with respect to the previous unit, so as to form a sequence o f layers 0°, 90°, 35°, 125°,
70°, 160° etc. It should be noted that this lay-up is not quasi-isotropic as traditionally
referred to by the term, i.e. 07+457907-45°, nor is it symmetric. However, the layers
are oriented such that properties are effectively isotropic in-plane. The tests required
are determined by the properties given in Section 4.2.2 for a material where the in
plane directions, i.e. material directions 1 & 2, are equivalent. For simplicity, material
o f this lay-up will be referred to throughout this thesis as DISC material, since it is
that used in the brake discs.

To model the material using a layered approach, there are two different options. It was
for this reason that two different matrices, for an orthotropic and for a transversely
isotropic material were presented in Section 4.2.2 for the purposes of illustrating what
material properties it would be necessary to measure. The two options arise from the
fact that rather than being composed of a single type o f layer, the Dunlop carboncarbon composite is composed o f two types of layer, termed ‘continuous’ and ‘staple’.
However, a result of the manufacturing process described in Section 1.4.1, these are
always found together in a duplex layer, known as a ‘DAM’ layer (Dunlop Aligned
Mat), with the fibre direction of the continuous layer oriented at 90° to the preferred
fibre direction of the staple layer. Therefore two types o f layered model are possible,
the first of which models the individual staple and continuous layers separately and
the second o f which treats the duplex DAM layer as a single layer, even though it is
comprised o f two different layer types. As stated earlier in this chapter, in order to
acquire the material properties for individual layers, a composite with all the layers
oriented in the same direction will be tested and the material properties thus acquired
used as the layer material properties. This is necessary since it would be very difficult
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to manufacture or test layers individually. In the model, these material properties will
be oriented separately according to the orientation of each layer in the model. A
composite with a different ‘unidirectional’ lay-up will be required in order to provide
layer material properties for each type of layer used in a layered model, whether
continuous, staple or DAM. In order to illustrate the different options, Figure 4.2
shows the basic components of six possible simple lay-ups that can be manufactured
using the three layer types o f the Dunlop carbon-carbon composite, along with these
layer types. Although the same in this illustration, the continuous and staple layers are
not o f equal thickness. The continuous layer is slightly thinner than the staple layer as
described in Section 1.4.1.

The materials consisting o f these simple lay-ups can be described as ‘model
materials’, since they are intended to form ‘models’ of elements of the Dunlop
carbon-carbon composite. This term was used by Leigh in previous work [6] on the
Dunlop carbon-carbon composite system, where such materials were manufactured
and used successfully in flexural tests. The materials CONZN, STAZZ, DAMZZ and
DAMZN were made and tested. CONZN was called TGAM (Textile Grade Aligned
Mat) in Leigh’s work. The nomenclature of these materials is derived from the first
three letters of the layer type, continuous (CON), staple (STA) or DAM followed by
two letters denoting the lay-up, either ZZ (zero-zero) for parallel layers (0-0°) or ZN
(zero-ninety) for alternating 0-90° layers.
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Continuous layer

Staple layer

DAM layer

±t

rv

CONZZ

v.v t ■>j A■>. n -6 -i

CONZN (TGAM)

STAZN

:*.-T,V

W«L

iif ils iiiy
DAMZZ
Figure 4.2

DAMZN

Six simple model material lay-ups based on the layers of which the

Dunlop carbon-carbon composite is comprised.

It can be seen from Figure 4.2 that the properties of CONZZ and STAZZ theoretically
should approximate to those of a transversely isotropic material where material
directions 2 and 3 are the same (direction 1 being the fibre direction or preferred fibre
direction, direction 2 being the transverse direction and direction 3 being the through
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thickness direction). The properties of CONZZ and STAZZ would be used to provide
the layer material properties for a model where these layers were modelled separately,
while the properties o f DAMZZ, which approximate to those of an orthotropic
material, would be used to provide layer material properties for a model where the
continuous and staple layers were not modelled separately. It should be emphasised
that DAMZZ is not truly orthotropic, but approximates to orthotropic over a number
of layers. The materials with zero-ninety lay-ups of the three layer types (CONZN,
STAZN and DAMZN) are included in Figure 4.2 to illustrate simple material lay-ups
that whilst not of interest to provide layer material property data, could be used to
validate the results o f a layered FE model by comparing their measured in-plane
material properties with those predicted. All of these are not intended to be made and
tested. Simple equations based on an equal strain assumption could also be used to
predict the in-plane properties o f these materials given the properties of the
constituent layers for comparison with the results of the model. Alternatively the in
plane properties o f DISC material, which will be measured anyway, could be used to
validate the model by comparison with those predicted by the model.

The advantages and disadvantages o f the two layered modelling approaches are as
follows: -

1.

Modelling the staple and continuous layers separately.

The advantage o f this approach is that theoretically it could form a more accurate
representation of the composite. If modelling only a few layers, then any bending or
twisting resulting from the disparity in properties between the continuous and staple
layers would be revealed. The main disadvantage of this approach is that it is
necessary to manufacture and test two model materials instead o f one. With each of
these approximating to transversely isotropic, five material properties each are
required, although it would be preferable to measure six as explained in Section 4.2.2.
Therefore twelve material properties and twelve test configurations are required.
However, it could be argued that STAZZ is not transversely isotropic due to the fact
that it would have to be manufactured by stacking felt layers therefore directions 2
and 3 would not be the same. Additionally there is the problem o f manufacturing the
continuous unidirectional material CONZZ. This arises not only from the fact that
continuous only material is more difficult to infiltrate consistently than staple only or
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combined staple and continuous material, but also from the absence of any strength
providing fibres in the transverse direction. This means that since the matrix carbon is
extremely brittle, it is possible that the material may not possess sufficient structural
integrity to be machined into mechanical test pieces. Furthermore, definition of the
model would be complicated by the necessity to define two different layer types
possessing both different material properties and thickness. Finally, modelling in this
manner seems unnecessary since the continuous and staple fibres are always found in
the same arrangement within the duplex layer.

2.

Modelling using the DAM layer as an individual layer

The main advantage of modelling in this way is that a smaller set of material
properties and therefore fewer tests are required. With the model material to be tested
to provide the material properties o f the DAM layer, DAMZZ, approximating to
orthotropic, nine material properties are required as explained in Section 4.2.2.
Therefore nine test configurations are required. Unlike CONZZ, the material DAMZZ
has previously been manufactured successfully and it is certain that it possesses
sufficient structural integrity to be machined into test specimens. Additionally,
definition o f the model would only involve one layer type with the same material
properties and thickness throughout. The obvious disadvantage with this approach is
that it involves a greater approximation than treating the continuous and staple layers
as separate entities. The DAM layers are not truly orthotropic because an individual
DAM layer lacks symmetry about its central plane. The presence of a less stiff layer
immediately adjacent to a layer o f greater stiffness without such symmetry means that
on its own, bending would be expected if the layer were loaded in-plane.
Approximating the DAM layer to orthotropic would not reveal this. However, none of
the layers in the model will be either on their own or stacked only a few layers thick,
in fact they will be stacked together with several other layers. The effect of any
overall lack o f symmetry in the through-thickness direction and resultant bending
when loaded in the in-plane direction is therefore likely to be insignificant.
Additionally, bending or twisting effects have not been observed in the Dunlop
carbon-carbon composite.

For the reasons stated above, it was decided that a layered model using the DAM
layer as a single layer type would be the avenue pursued in this work. Therefore the
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properties required for input into the two types of finite element model (layered and
non-layered) are as shown in Table 4.2 (layered model validation is described in
Section 4.3).

Modelling

Material required for test Elastic properties that need

Layered model

pieces

to be measured

DAMZZ

E lt E 2, is3,

V 12,

V 13,

V 23,

Gn , Ga & G 23
Non-layered model and for DISC material

E x,

V 12, V 13,

Gn & G13 *

E x,

V 12, V 13,

Gn & G13

layered model validation
Layered model validation

DAMZN

* M easuring E 3 is not required since E3 for DAMZZ can be used.

Table 4.2

Mechanical properties required for the two types o f FE model and for

layered FE model validation.

The reason that it is unnecessary to measure the through-thickness Young’s modulus
E 3 for DISC material (Table 4.2) is that E 3 measured on DAMZZ should be
identical. This is because these materials differ only in the in-plane arrangement of
fibre directions in different layers and there is no fibre reinforcement in this direction.
Therefore this property should be largely dependent upon the matrix properties and
the Young’s moduli in material direction 3 should be the same.

For an orthotropic material, the Young’s moduli, major Poisson’s ratios (V12, V13 and
V 23)

and minor Poisson’s ratios

( V 2 1 , V 31

and

V 32)

are related by Equations 8 , 9 and 10.

These relationships would enable the major and minor Poisson ratios to be checked.
The minor Poisson’s ratios need only be measured on a small number of mechanical
test specimens in order to do this, whilst the major Poisson’s ratios, which form part
of the elastic properties required for the model shown in Table 4.2, will be measured
on all mechanical test specimens.

Ex E2
— =—
v 12 v 21

Equation 8
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E{ E3
— =—

Equation 9

V 13

V 31

E2 e 3
— =—
v 23 v 32

Equation 10

For the normal elastic properties, i.e. not the shear moduli, tests for each will be
performed in both tension and compression since for a composite material these can
differ. All o f the tests for the elastic properties will also give the equivalent failure
stresses in the same direction / orientation. For example, the tensile strength in
direction 1 will be given by the test that measures E x in tension, while the in-plane
shear strength a{2 will be given by the test that measures in-plane shear modulus
Gn .

A final point regarding the measurement of the through-thickness properties is that
these increase the number of tests required compared to measuring in-plane properties
only. Given that the part of the disc that is being modelled, i.e. the tenon region, is
only loaded in-plane, it could be argued that these properties, other than V13 and V23
are superfluous. This is because putting

<73

=

04

stress and strain given in Section 4.2.1 will give

=

£3

05

= 0 into the equation relating

= £4 =

£5

= 0. However, whilst this

may be the case in a simple model of the tenon region, in reality and in a more
sophisticated model, a stress is applied to the disc in the through-thickness direction
when the discs are pushed together during braking. The friction on the swept area of
the disc face would be likely to generate an interlaminar shear stress, although this
may be small. Additionally, in a material where a known weakness is interlaminar
failure, the through-thickness properties are of interest in a broader sense.
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Validation of FE models

This section describes the methods that will be used to validate the FE models. The
acquisition o f a comprehensive set o f material properties for the Dunlop carboncarbon composite, the modelling o f the composite and the validation of the model
comprise the three main objectives o f the work involved in this project.

The validation of an FE model involves the comparison o f its results with data
obtained by other methods, for example analytically or experimentally. The purpose
o f this is to check whether the model is producing results that are comparable to those
observed in ‘real world’ tests and therefore whether its predictions are valid. If this
were not the case, it would suggest that there was a problem with the model.
However, if there is close agreement between the results predicted by the model and
those obtained by other means, then this lends confidence in the ability of the model
to make predictions in similar but different cases, for example where the model
geometry is varied or different loads are applied.

Since it was decided to pursue two types of modelling approaches in this chapter
(laminate modelling and an approximation to a material with in-plane isotropy), both
o f these will need to be validated.

The layered FE model can be validated in two ways depending on whether it is used
to model only part of the composite or a whole segment o f the disc. If used to model
only part o f the composite, the easiest way to validate the model is to model lay-ups
loaded in simple tension, compression or shear and use the average strain predicted by
these models to calculate the mechanical properties of these lay-ups. These can then
be compared with the experimentally measured mechanical properties. The two lay
ups that will be modelled for this purpose are the DAMZN lay-up and the DISC
material lay-up. The mechanical properties of the DISC material will also be
measured for modelling a disc segment using an approximation to a continuum with
in-plane isotropy, while the mechanical properties of DAMZN will be measured
specifically for this purpose as described in Section 4.2.3.
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If a whole disc segment is modelled by approximating the composite as a continuum
with in-plane isotropy, the model could be validated by comparing the predicted
strains with strains measured on an experimentally loaded disc segment by strain
gages placed in regions where stress concentration is expected. Additionally, were a
whole disc segment to be modelled using the layered modelling approach, a similar
validation method would also be required.

Therefore the static mechanical testing of disc segments with attached strain gages is
required as part o f the experimental work to be conducted. This type of test can be
done using equipment designed to test discs at Dunlop Aerospace and is known as a
torsion strength test. Chapter 9 describes the torsion strength tests conducted as part o f
this project.
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Element types and failure criteria available in ANSYS 5.7

This section introduces the structural element types in the FE program ANSYS 5.7
suitable for the modelling approaches described earlier in this chapter and the relative
merits o f these elements. Different ways in which layered and conventional structural
elements can be used to mesh a layered model are then discussed, followed by a brief
description of the failure criteria that can be used with layered elements.

4.4.1

Conventional elements and layered elements

The four element types in the FE program ANSYS 5.7 that are suitable for the chosen
modelling approaches are the element types SOLDD45, SOLID95, SOLID46 and
SOLID191. These are shown in Figure 4.3. Each of these elements has three degrees
o f freedom per node, i.e. translations in the nodal x , y , and z directions. The
primary difference between these element types is that SOLID45 and SOLID95 are
conventional structural elements, while SOLID46 and SOLID 191 are layered
structural elements. The other difference is that element types SOLID95 and
SOLID191 are higher order versions of the element types SOLID45 and SOLID46
respectively. This means that they have mid-edge nodes in addition to comer nodes,
enabling their edges to better approximate to curved geometries.

The layered element types are specifically designed for the modelling of layered
composite structures. They incorporate a layered structure within each element into
which the thickness, orientation and material properties of a desired number of layers
can be programmed. This allows greater flexibility in the range o f lay-ups that can be
modelled and does not require material properties to be calculated for a specific
direction, since it incorporates the orientation into the calculation. Additional
advantages o f the layered element for modelling composites are that interlaminar
shear stresses can be calculated and that failure criteria (maximum stress, maximum
strain or Tsai-Wu) can be used if required. These criteria predict failure of a layer
when they are met, which is given in the results, and will be discussed in Section
4.4.3. To use failure criteria with the layered element types, it is necessary to provide
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the program with the tensile, compressive and shear failure stresses (or strains) of the
material being modelled.

Nodes

SOLID45
8 node structural

SOLID46
Layered 8 node structural

Layers

#
SOLID95
20 node structural

Figure 4.3

• -------

SOLID191
Layered 20 node structural

Structural element types in ANSYS 5.7 that are suitable for the chosen

modelling approaches.

Layered elements do have certain limitations, primarily the fact that meshing must be
carried out carefully in order to ensure that layers are consistent and continuous
between adjacent elements. Layered planes are not necessarily continuous between
the elements if either tetrahedral elements are used or if adjacent elements are of
different sizes in the direction normal to the layers. These problems can be avoided by
using brick-shaped, not tetrahedral, elements and careful meshing. However, by
precluding the use of tetrahedral elements, the ability to mesh complex geometries is
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degraded. An additional point is that for layered elements the fineness of the mesh in
the direction perpendicular to the layers is limited by the thickness o f the layers
(Figure 4.4) so the finest possible element thickness is one layer for layered elements,
unless two or more layers of layered elements, each containing only one identically
oriented layer, are stacked in the through-thickness direction. Conversely, a limitation
o f using conventional elements to model a layered structure is that their maximum
through-thickness dimension is the thickness of a layer, because the material
properties have to be oriented separately for elements representing each layer.

te

te > t i

Layered
elements
only

tl

te

tl

te

tl

te

tl

te

tj

te < t i

Through
thickness
direction

Layered or
conventional
elements

Layered or
conventional
elements

Layer thicknesses are constant in this drawing and are denoted ti
Element thicknesses vary and are denoted te
Bold lines mark the boundaries o f elements

Figure 4.4

Use of meshes differing in fineness in the through-thickness direction

for a layered structure.

For a system with a number of layers that is small enough for them to be drawn in and
meshed individually, the layered elements would not be strictly necessary. However,
given the advantages o f the layered elements, there is little point in using conventional
elements for a layered model even if a mesh finer than the layer thickness is required.
Hence layered elements will be used for the layered modelling approach while
conventional elements will be used with the model with in-plane isotropy. The next
section discusses further the different meshing approaches that can be used with
layered elements.
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Meshing with layered elements

It was mentioned in the previous section (Section 4.4.1) that when representing a
layered structure using layered elements, this could be done using different numbers
o f these elements stacked through the thickness of the layered structure. If the number
o f layered elements stacked through the thickness o f a layered structure with a
constant number o f layers was varied, then this would be accommodated by using
elements with differing numbers of layers through their thickness (layers per
element). This section explains this concept further and examines the relative merits
o f using either several layers per element o f a smaller number o f layers per element.

The minimum through-thickness dimension of a layered element is one layer,
however this is not the only option and there are a number o f different ways to mesh
the model in the through-thickness direction. To illustrate these possibilities, Figure
4.5 shows different through-thickness meshing approaches that could be used for two
different eight layer slabs, the first with a simple repeating lay-up (0-90°) and the
second with a lay-up that does not repeat over the lay-up o f the slab. The most
extreme cases are making the entire slab one element thick (a), (e) or making each
layer one element thick (d), (h). Clearly using only one element through the thickness
would not reveal a stress distribution in the through-thickness direction if the slab was
thick enough to possess one. The ANSYS Theory Reference

states that ‘a more

rigorous solution can always be obtained by using more elements in the throughthickness direction’. Hence, using the first of these extreme cases (a), (e) would not be
advisable. However, if case (h) was used, it would be necessary to mesh each layer
separately and specify a separate material property orientation for the elements used
in each layer. In ANSYS 5.7, this would be done by specifying a separate real
constant set, which includes layer orientation, for each layer then attributing this real
constant set along with material property set and element type reference number to the
volume used to define each layer prior to meshing the model (real constants are
properties that depend on the element type, for example the number o f layers, their
orientation and material type for layered element type SOLID191). This would
provide greater accuracy through the thickness at the expense of increased
complexity.

88

Development of Finite Element Models

Chapter 4

(a)

(b)

(c)

(d)

mm

Repeating 0-90° lay-up

Lay-up that does not repeat over thickness of the slab
The coloured num bers denote d ifferent elem ent types within the sam e p icture
Bold lines m a rk the boundaries of each elem ent
O nly one elem ent in the in-plane direction is shown

Figure 4.5

Pictures showing different through-thickness meshing possibilities for

a repeating and a non-repeating lay-up.

For a repeating lay-up (d), only as many element types as the number of layers in the
repeat unit need be specified, so this might be practical for modelling DAMZN. If
modelling a whole disc segment, which has 20-30 layers and a lay-up that does not
repeat over this number, using one element per layer seems excessively complicated.
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This would not however be the case if only a small portion of the composite was
modelled using layered elements for validation purposes.

Between these two extremes, a number of layers per element less than the total
number o f layers but larger than one can be used (b), (c), (f), (g). In the case of a
repeating lay-up, using an element containing the number of layers that the lay-up
takes to repeat (c) or a multiple o f this (d) means that a real constant set (in ANSYS
5.7) would only have to be specified and assigned once, since all elements would
contain the repeat unit of layers. For a non-repeating lay-up (f), (g), this would not be
the case, but the number of real constant sets to be defined and attributed would still
be smaller than if using one layer per element (h).

In summary, using a number o f layers per element somewhere between the extremes
of modelling the whole thickness using one element and using one layer per element
seems the best approach. However, if modelling only a small portion of the composite
for validation purposes, then using one layer per element or even two elements per
layer might be preferable owing to the more rigorous solution obtained.

4.4.3

Failure criteria for use with layered elements

Section 4.4.1 introduced the concept o f using layered elements and stated that certain
failure criteria are available for use with these elements. A failure criterion is a
mathematical expression that predicts failure when certain failure stresses, strains or a
combination o f these described by a certain equation are met. Widely known failure
criteria include the maximum stress criterion, maximum strain criterion and Tresca
criterion. For composites, the Tsai-Hill and Tsai-Wu criteria are often used. The
maximum stress and maximum strain criteria are the simplest of these, predicting
failure when any one failure stress or strain in a given direction is met. However,
since the presence of stresses in multiple directions can sometimes change the stress
required to produce failure in other directions, other failure criteria predict failure
when a certain combination o f stresses rises above a certain value related to the
individual failure stresses in different directions. For example, according to Hull [8],
the Tsai-Hill criterion was developed in order to take into account an interaction
between the tensile stresses that lead to transverse tensile cracks and the shear stresses
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that lead to intralaminar cracks on the same fracture plane. The equations defining
these criteria usually define a three-dimensional region in stress space outside of
which failure occurs, although two-dimensional simplifications are also possible.

Since failure criteria are available with layered elements, they could be used to predict
the failure stresses for the DAMZN and DISC material in order to further validate the
model. O f the three failure criteria (Maximum Stress, Maximum Strain & Tsai-Wu)
that can be used with the SOLID46 layered element in ANSYS 5.7 to predict failure
o f a layer when they are met, the Tsai-Wu criterion has the most rigorous theoretical
basis. Although Gupta et al [9] concluded that a critical strain criterion should
adequately describe the failure law for woven 2D composites, in a book reviewing a
large number o f failure criteria, Rowlands [10] stated “Like the maximum strain
criterion, the popularity o f this maximum stress theory tends to be based more on
simplicity o f concept and ease o f use than on any validity or rationale”. Hence the
preferred failure criterion for use when modelling the model materials and brake disc
would be the Tsai-Wu criterion. There are two forms of the failure criterion reported
by Tsai and Hahn [11] and Tsai and Wu [12] for the ‘strength index’ or by T sa i[13] for
the ‘strength ratio*. Both options are available using the ANSYS 5.7 program.

Nevertheless, a potential limitation with using the Tsai-Wu criterion is that it requires
terms known as ‘coupling coefficients’ in addition to the multidirectional failure
strengths o f the material. This is explained as follows.

The Tsai-Wu criterion[12] asserts that failure will occur when Equation 11 is satisfied.

F yG p j + FtGt = 1

(U j = 1,2...6 )

Equation 11

Gi are normal and shear stresses written using the contracted notation (see Section
4.2.1) and Ft and Fy are 1 x 6 and 6 x 6 strength tensors respectively. Although
calculated from them, the tensor terms are not strengths.
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For orthotropic materials, it can be shown [12] that some terms (F 4, Fs, F6, F14, Fls,
F 16 > F 24 ’ F 2s 5

F 26»

F 34 > F 3s » ^ 3 6 > ^ 4 5 > ^ 4 6 &

F3, Fu , F22, F33,

F56) disappear, while others (F t, F2,

F55 & F66) can be calculated from the normal and shear

strengths of the material.

However, terms coupling normal stresses (F 12, F 13 & F23) require determination
using biaxial tests. Often for laminates, a two dimensional form of the failure criterion
[10, 111 is used requiring only one coefficient, but the ANSYS program uses the full
three-dimensional criterion, hence requiring three coupling coefficients and therefore
three biaxial tests.

There are however possible approximations that can be made for these coupling
coefficients. Rowlands [10] suggests ±^jF nF22 as upper and lower bounds on the
coupling coefficient, while Tsai and Hahn [11] showed that if we assume that the
orthotropic failure criterion is a generalisation of the Von Mises criterion then the
approximation

= - Vi can be used in place of the biaxial strength test
F~ s F n

Reference tl4] states that C , C

& F „ = F » ) - The ANSYS Theory

& Cxz default to -1.0, i.e. to the approximation

made by Tsai and Hahn [11] (the coefficient

used in the program being twice the

value o f Fxy
*).
'

These biaxial tests are complicated to perform, first requiring determination of the
optimum biaxial stress ratio [15]. Therefore, should failure criteria be used it appears
wise to use the approximation, at least initially, if using the Tsai-Wu failure criterion.
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EXPERIMENTAL METHODS
In order to obtain the mechanical properties required for the finite element model as
discussed in Section 4.2, mechanical tests on appropriate composite lay-ups were
required. These fell into three classes, tensile, compressive and shear, each of which
required a particular type of test. However, before conducting these, the exact test
configuration, specimen geometry and loading method had to be decided. The first
part o f this chapter discusses the rationale behind the selection of test configuration
and specimen geometry. Material manufacture, specimen machining, density
measurements and specimen preparation are then described. This chapter concludes
with a description o f the test procedures used, together with methods for data
collection and post fracture microscopy.

5.1

Choice of mechanical test configuration and specimen geometry

As mentioned in Section 1.4.3, current tests at Dunlop Aerospace are designed to
assess product integrity rather than provide design data. These cannot provide a full
set o f orthotropic mechanical properties because flexural tests are not generally suited
to provide design data, especially in the through-thickness direction, while the double
punch interlaminar shear test cannot measure in-plane shear properties. Furthermore,
it is difficult to see how any strain measuring instrumentation could be fitted to the
double punch interlaminar shear test in order to obtain the elastic properties required
for modelling. Hence, different tests were required. For each of the test modes:
tensile, compressive and shear, there are a number of possible test configurations. In
the case o f compressive and tensile tests these largely concern the detailed specimen
geometry and gripping method, while for shear tests there are many variations on the
overall test configuration.
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General points concerning choice of mechanical tests

Although the task o f choosing the test configuration and specimen geometry might
appear simple, it is complicated by the absence of standards designed specifically for
carbon-carbon composites. Savage [1] noted that there were no standard tests for
carbon-carbon composites and followed this with a discussion of some tests often
applied to these materials. These tests were tensile, flexural, Iosipescu shear and short
beam shear. In the absence o f standards specifically for carbon-carbon composites,
those designed for composites in general appear to be most appropriate. However
these test methods, that were developed primarily for the most widely used
composites, i.e., those with carbon or glass fibres and epoxy matrices, may not always
be appropriate for carbon-carbon composites due to two main factors. Firstly, the
thickness is different for these materials. Both the individual layers of 2D laminated
composites and their overall thicknesses are typically less than that of the Dunlop
carbon-carbon composite. For example, Hyer [2] gives 0.150 mm as a typical layer
thickness, while the DAM layers that comprise the Dunlop carbon-carbon composite
are approximately 1 mm thick. This means that the recommended specimen thickness
would be too small for the Dunlop carbon-carbon composite. However this is not a
serious problem because the standards usually permit the user to decide the
appropriate test specimen thickness. Secondly, Godwin [3] describes an increasing
tendency to use straight sided rather than waisted specimens for the tensile testing of
composites, which may be inappropriate for carbon-carbon composites, a point
discussed further in Section 5.1.2. In addition to the standards for composites in
general, there are also ASTM standards for the testing of fibre-reinforced ceramics [4’
5’ 6], which are possibly more appropriate for testing carbon-carbon composites than
the ASTM standards developed for polymer matrix composites [7’ 8’ 9’ 10, n ’ n \ These
are also considered in choosing a test configuration and specimen geometry.

Before looking at possible test configurations, specimen geometries and standards for
the three different types o f test required, the first task is to identify the requirements
that all the test configurations, whether tensile, compressive or shear, have in
common. These are listed below, followed in each case by a brief explanation of the
rationale behind each requirement.
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1.

The most basic requirement was that the test configurations are suitable for

measuring properties in all of the directions or orientations needed rather than
requiring a different test configuration to measure in-plane and through-thickness
properties. The aim o f this was to maintain consistency of test method and reduce
complication.
2.

Both strength and modulus had to be measured using the same specimen to

allow these to be compared to each other for individual specimens.
3.

Any test specimen needed to be sufficiently thick to include a number of

layers representative o f the bulk structure and be of a thickness corresponding to an
exact number o f DAM layers. This is because the Dunlop carbon-carbon composite
has thicker layers than most laminated composites (a DAM layer is 1 mm thick). If
the specimen is too thin it may not contain enough DAM layers to be representative of
the bulk structure.
4.

A thickness corresponding to an exact number of DAM layers is required

because the composite is machined down to size after manufacture rather than laid-up
in its final thickness, like many laminated composites. This means that the surface
layer will probably not be a complete DAM layer. Provided the layers are of
consistent thickness, using a total thickness that is a whole number of layers should
result in the last layer containing equivalent material to that missing from the first
layer. This means that for DAMZZ (Figure 4.2), there will effectively be an equal
number of staple and continuous layers, even though the first and last may not be
whole, and therefore the proportions of staple and continuous material in the test
specimen will be the same as in one layer. For DAMZN, a similar argument requires
that the test specimen be an even number of DAM layers thick, because this is an
exact number of the ‘repeat units’ in DAMZN. For the DISC lay-up, which does not
repeat over a thickness suitable for a test specimen dimension, this requirement cannot
be fulfilled, so the only practical requirement for obtaining a representative sample of
the structure is that the test specimen be as thick as reasonably possible. Therefore a
reasonable choice of thicknesses for the test specimen might be 6, 8,10 or 12 mm.
5.

The test specimen must be o f a size and geometry suitable for both material

manufacture and machining. This is essential because there is no point choosing a test
where the test specimens could not be fabricated easily. However, since it is possible
to manufacture the Dunlop carbon-carbon composite with a thickness comparable to
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its in-plane dimensions if required, there are fewer restrictions on specimen geometry
for this material compared to most other laminated composites.
6.

The test configuration had to be suitable for the test machinery available, in

this case an Instron 1195 vertical screw driven test machine. Any extra fittings
required, such as grips and test rigs, had to be readily available and compatible with
this machine.

The choice o f test specimens for the tensile, compressive and shear tests will now be
considered individually.

5.1.2

Tensile test geometry

A tensile test requires the test specimen to be held at its ends by the grips o f a test
machine. Usually end tabs will be fixed to the ends of the specimen to provide a
compliant gripping surface and to protect the surface of the specimen from damage.
Since the stress concentration at the grips can induce premature failure, tensile test
specimens are often ‘waisted’, i.e., they are machined such that their cross-sectional
area is smaller at the centre o f the specimen to ensure that premature failure does not
occur at the end tabs. However, the low transverse shear strength of many composites,
especially unidirectional composites, can lead to shear failure in tensile specimens
before tensile failure can take place [3]. This has resulted in a trend towards the use of
straight-sided i.e. non-waisted test specimens in composites testing[3]. Hence the main
decision required when choosing the tensile test geometry was whether to use waisted
or straight-sided test specimens. Waisted specimens were chosen because preliminary
tests had revealed failure at the end tabs in straight-sided specimens. Additionally,
although shear failure was a concern, the 2D lay-up meant that the shear strength was
expected to be higher in the plane of the layers than for a unidirectional specimen.
Since waisting was in this plane rather than in the through-thickness direction, shear
failure was not expected.

ASTM standard C 1275 - 95 [4], which is designed for fibre reinforced ceramics, was
chosen as a guide to performing the tensile tests. A waisted specimen geometry was
chosen from those recommended (Figure 5.1). This standard enables the thickness of

98

Chapter 5

Experimental Methods

the specimen to be determined by the user for reasons discussed in Section 5.1.1. In
accordance with the requirements also discussed in Section 5.1.1, an 8 mm thickness
was chosen for the tensile specimens. The gage section is large enough for the
required strain gages to be attached.
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5.1.3

Tensile specimen geometry (dimensions in m m )[4].

Compressive tests

Whilst an ASTM standard (C 1358 - 96) for compressive testing of fibre reinforced
ceramics

was available, equivalent to that chosen for the tensile tests [4], this was

not used. This is because using this test would have required hydraulic grips which
were not available and would also have required all of the test specimens to be end
tabbed, which, while unavoidable for the tensile specimens, would have increased
substantially the time required for specimen preparation. The alternative was the
direct end loading of the test specimens, which, although having certain problems, is
an application matched test method, since the tenons to be modelled are loaded in this
manner and therefore the strength data produced should be more realistic for the
tenon. The specimen geometry has also been used successfully to measure strength in
previous work on the brake disc m aterial[13], where the failure mode observed was a
combination of longitudinal and 45° cracks rather than splitting which is generally
considered to be a less valid failure mode [14]. The test conforms to the British /
European prestandard DD ENV 658-2: 1993 [l5\ The geometry is shown in Figure 5.2
and has the advantages of being simple to machine and resistant to buckling. The
specimen is loaded between two flat steel plattens.
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5.1.4

Compressive specimen geometry.

Shear tests

The number o f possibilities to be considered for the shear tests was greater than for
the tensile and compressive tests due to the wide range of shear test methods
available. Many o f these were ruled out by the requirements listed in Section 5.1.1.
The main limitation was the requirement to measure both in-plane and through
thickness orientations using the same method in order to maintain consistency of test
method, since most shear test methods are designed to measure either one or the other
o f these. However, even if a different test method were to be used for each of these,
some methods would still have been unsuitable. Widely used shear tests for in-plane
shear properties include tensile loading of a ±45° laminate [10], the torsion tube test
and the rail shear test. O f these the first would be unsuitable for use with the DISC
material because o f the specific lay-up required. The torsion tube test requires a
composite tube that would be difficult and expensive to manufacture, while the rail
shear test can only measure in-plane properties. Tests that measure through-thickness
shear properties include short beam shear, double punch shear and double notch
compression. However these are not intended to have strain gages attached and
therefore measure only strength. With double notch compression tests there is also the
difficulty of machining the notches exactly to the same interlaminar boundary.

The Iosipescu shear test fulfils the requirement to be able to measure shear modulus
and shear strength and also possesses the ability to measure all six shear strengths
since specimens can be cut in any orientation. Although originally developed by
Iosipescu [16] for measuring the shear properties of metals, it is recommended by
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ASTM in two standards as a test for both fibre reinforced ceramics (C 1292 - 95a)
and polymer matrix composites (D 5379/D 5379M - 9 8 )[12]. It was therefore chosen
as the most suitable and practical method of shear testing. Figure 5.3 shows the
standard shear specimen geometry. Each side of the specimen is clamped in a
specially designed fixture that prevents rotation of the specimen and the test machine
drives one side down, creating a region of pure shear stress at the centre of the
specimen where the shear strain is measured by a pair of strain gages fixed at ±45° to
the long axis o f the specimen. Savage [1] noted that the Iosipescu shear test is
considered to give accurate modulus and relatively good strength data. One drawback
is the possibility o f non-valid failure modes, so post fracture observation of failure
modes should be carried out to ensure the mode of failure is valid. In addition, ASTM
D 5379 [12] describes how end tabs may be used to prevent this. Due to the possibility
o f the specimen twisting in the test rig during the test, it is recommended that strain
gages be used on both sides of the specimen on a small number of test pieces initially.
If twisting is detected (manifested in a difference between the shear strains measured
on the front and rear o f the specimens), it is recommended that all specimens are fitted
with gages on both sides and the average shear strain from each side used in the
calculation of the shear modulus.

h

r

T
dt
1

Side

Front

L = 76 mm, di = 19mm, d2 = 4 mm, w = 11 mm, r = 1.3 mm, h = 6 mm
Figure 5.3

Iosipescu shear test specimen geometry[12].
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Sample size and full list of test specimens used

In Section 4.2.3, the number o f distinctly oriented tensile, compressive and shear
properties required for the FE modelling was determined. These properties, in Table
4.2, include a full set of mechanical properties for DAMZZ, assuming an
approximation to orthotropic behaviour, plus partial sets of mechanical properties for
DAMZN and DISC material (although their full sets are smaller than for DAMZZ).
The number o f properties required is equal to the number of distinct orientation and
material required. The total number of test specimens required is therefore equal to
the number o f mechanical test specimen types multiplied by the number of specimens
o f each type that it is necessary to test in order to have confidence in the results, i.e.,
the sample size. Due to the scatter seen generally in mechanical property results from
carbon-carbon composites, plus the scatter observed specifically in previous tests on
the Dunlop carbon-carbon composite [13], it was desirable to use a reasonably large
sample size. However, given the number of tests required due to the different
materials and orientations, from a practical and economic point of view, this could not
be too large. Savage [1] stated ten specimens per sample as the minimum desirable and
this was also considered the maximum practical number given that several test
orientations and material types were required. Hence ten specimens were tested of
each distinct material type and orientation. This gave a total of 50 tensile, 50
compressive and 100 shear specimens.

Additionally, while the thicknesses o f the tensile and compressive specimen described
in Section 5.1 were chosen to get a representative number of layers, they were still
thinner than the actual manufactured composite. It was therefore decided to test a
small number o f thicker specimens in order to determine if there was a thickness
effect on the strength. The reasoning behind this was that if internal defects affected
the strength more than surface flaws then the strength of thicker specimens should be
lower. DAMZN material was chosen for these specimens because its strength was
expected to be between that o f DAMZZ in directions 1 and 2 and would therefore be
more representative o f the system as a whole, whilst being less variable than DISC
material, because the lay-up would repeat over the thickness of the specimen. Five
tensile and five compressive DAMZN thick specimens were cut parallel to material
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direction 1, which were twice as thick as the standard tensile and compressive
specimens. In addition, ten thin DAMZZ specimens cut parallel to material direction
2, each approximately half the thickness of the standard tensile specimens, were
tested.

Specimen identifiers were designated after the particular testing regime they were
intended for. Throughout this thesis the specimens are referred to by their material i.e.
DAMZZ, DAMZN or DISC, their type i.e. tensile, compressive or shear and their
direction or orientation as described below.

Direction 1 refers to a tensile or compressive specimen cut parallel to material
direction 1 in order to measure strength and modulus in that material direction.
Orientation 12 refers to a shear specimen designed to measure Gn and o {2, where
a{2 is the shear failure stress arising from a force in material direction 2 across the
area perpendicular to material direction 1 and Gn is the shear modulus in the plane
formed by material directions 1 and 2 (the 1-2 plane).

A full listing o f the specimen types and their designation is given in Table 5.1,
arranged by test configuration, material type and direction or orientation. The
mechanical properties measured using each specimen type are shown.

Although the nominal number of specimens of each type was ten (five for the thick
specimens), the numbers of some specimen types tested were larger. This was for two
reasons, firstly the extra shear specimens manufactured to check for specimen
twisting and secondly extra specimens that were ordered to replace those with nonvalid failure modes. For the specimens types where this is the case, the number of
specimens tested and the number of valid failure modes are stated in the results tables
in Chapter 6.
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Test

Material

Properties

configuration

type

measured

Tensile

DISC

Eu

DAMZN

Eu
Eu

DAMZZ

Compressive

Eu

DISC material Direction 1 tensile

of
of
of
of

DAMZN Direction 1 tensile
DAMZN Direction 1 thick tensile
DAMZZ Direction 1 tensile

Eu

DAMZZ Direction 2 tensile

Elt

DAMZZ Direction 2 thin tensile
1

u 3

DISC

Elc

DISC material Direction 1 compressive

DAMZN

K

K

of
of
of
of

e 2c

ofc

DAMZZ Direction 2 compressive

e 3c

of

DAMZZ Direction 3 compressive

DAMZZ

DISC
DAMZN

DAMZN Direction 1 compressive
DAMZN Direction 1 thick compressive
DAMZZ Direction 1 compressive

G \2

DISC material Orientation 12 shear

Gl3

DISC material Orientation 13 shear

Gl2

DAMZN Orientation 12 shear
DAMZN Orientation 13 shear

G 13

DAMZZ

Gl2

DAMZZ Orientation 12 shear

G \3

DAMZZ Orientation 13 shear

G 2\

<*n

G 3\

DAMZZ Orientation 21 shear
DAMZZ Orientation 23 shear

G 23

<*L

DAMZZ Orientation 31 shear
DAMZZ Orientation 32 shear

G 32

Table 5.1

DAMZZ Direction 3 tensile

£ 3,

Elc

Shear

Specimen type designation

The entire collection of specimen types used in the experimental

program, along with the properties that were measured from them for each of the
three materials (DISC material, DAMZN and DAMZZ).
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5.3

M anufacture of test specimens

5.3.1

M anufacture of material

The materials for the mechanical tests were manufactured by the standard Dunlop
process (Section 1.4.1) with the lay-ups DAMZZ, DAMZN (Figure 4.2, Section 4.2.3)
and that of DISC material (0-90-35-125° layer sequence, Section 4.2.3). For reasons
of manufacturing convenience and to give an adequate length of material to machine
tensile and shear specimens in the through-thickness dimension, the material was
made in the form of blocks rather than tiles. The DAMZZ and DAMZN blocks were
approximately 160 mm long and 120 mm thick, while the DISC material was made in
the form of a solid cylinder of 170 mm diameter and 120 mm thick. Figure 5.4 shows
a block of DAMZZ prior to machining. For comparison the brake discs in production
vary in thickness between approximately 10 and 30 mm. Inner diameters range from
100 to 350 mm and outer diameters from 300 to 600 mm. Additionally, DAMZN tiles
for the lining of an experimental fusion reactor have been made up to 300 mm thick.

Figure 5.4

DAMZZ block prior to machining, with material directions 1, 2 and 3

indicated.
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M achining of specimens

The specimens were cut from the blocks by a specialist machining company (Wilkev
Engineering, Coventry) to the dimensions shown in Section 5.1 and the same surface
finish used as for the brake discs. The reason for this was so that the surface finish
was application matched, ensuring that any effect on the strength arising from surface
defects was similar for the test specimens and the brake discs. Since the edges of the
block were quite rough, i.e., not perfectly planar (Figure 5.4) and exhibited some
misalignment of layers, the first part of the operation was the removal o f these. In
squaring o f the block, care was taken to ensure that the axes of the block were as
closely aligned as possible with the axes of the material layers. Following this, the
specimens were then cut from the block in the required orientation then milled and
ground down to their final dimensions.

5.4

Measurement of density and rejection of unacceptable specimens

Because density and layer alignment are crucial factors affecting the mechanical
properties o f carbon-carbon composites, it was necessary to measure the density and
alignment of the machined specimens before proceeding with further specimen
preparation and testing. For the Dunlop carbon-carbon composite, the minimum
acceptable density is 1.67 g cm'3. Therefore specimens below this density were
rejected, because they were unrepresentative of the material to be modelled and
having a low density were likely to possess lower strength than those in the acceptable
density range. In order to do this the density of each individual test specimen was
measured using the Archimedes method described below (Section 5.4.1). Apart from
identifying any unacceptable specimens, a second reason for measuring the density of
each specimen was so that the strength and modulus of each test specimen could be
plotted against density in order to examine the effect this had on them. Misalignment
was more difficult to quantify. Close inspection of the test specimens revealed that
misalignment was only a problem in the compressive specimens, because most
misalignment was at the edges o f the block. Therefore, any misalignment in the
tensile and shear specimens was confined to their ends, i.e., away from the gage
section. The misalignment of the layers in the compressive specimens was measured
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using the technique described in Section 5.4.2. Some compressive specimens were
also rejected for machining error (see Section 5.4.3). This was because when testing
between plattens, it is crucial that the specimens are the same length on one side as the
other, since a difference in length across the width of a specimen would mean that one
side would be loaded more than the other, leading to inaccurate results.

Specimens that were unacceptable for any of these three reasons were replaced by
new ones so that the required number of that type was restored.

5.4.1

Method of density measurement

The Archimedes method was chosen for the measurement of density because of its
ability to measure the density o f an arbitrarily shaped specimen. This feature was
useful since the volume of the tensile and shear specimens, which are not simple
shapes, would have been difficult to measure in order to calculate density by
commensuration, i.e., by dividing the mass by the volume.

The specimens were first dried in an oven at 120°C for at least 2 hours, allowed to
cool and their dry weight in air, Wa , determined. Following this, they were placed in a
vacuum for 30 minutes before de-ionised water was introduced into their container
until they were submerged. The vacuum pump was then switched off and air
introduced into the vacuum chamber. They were left for 2 hours underwater before
their water-impregnated weight in water, Wb, was determined using a specially
adapted balance. The last step was the determination of their water-impregnated
weight in air, Wc, after quickly wiping off any excess water on their surface, being
careful not to draw any water out of them.

Equation 12 was used to calculate the bulk density of the specimens, p b, from these
three measurements and the density of water, p n at the temperature at which the
measurements were made.
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Equation 12

The densities o f the compressive and tensile specimens were measured 3 times in
order to examine the variability o f this method for the carbon-carbon composites in
question. The standard deviation from these measurements ranged from 0.001 to
0.017 g cm ' 3 but was generally less than 0.005 g cm'3. For the compressive specimens,
comparison with simple density measurement was made by calculating the volume
from measurements made with digital callipers. The density calculated by this
geometric method was on average 0.004 g cm' higher than that measured by the
Archimedes method. Additionally, the solid densities of compressive specimens
measured by helium pycnometry were generally within

0 .0 1

g cm' of their apparent

solid densities calculated from Archimedes data (using Wa and Wb only). Given that
the density o f the specimens ranged between approximately 1.5 and 2 g cm'3, these
measurements suggested that the Archimedes method was reliable and accurate in
measuring the density o f the material.

5.4.2

Layer misalignment

The misalignment of the layers in the compressive specimens was measured by
placing the specimen on a flatbed scanner and scanning a black and white image of
the relevant face. The image was then printed out onto A4 paper and a clear and
typical layer chosen. The opposite and adjacent sides of the triangle made by the layer
and a line parallel to the long axis o f the specimen were then measured and the angle
o f misalignment calculated with simple trigonometry. All compressive specimens
with a layer misalignment greater than 3° were rejected.

5.4.3

Machining error

This was measured using digital callipers with an accuracy o f 0.01 mm. The length of
each specimen was measured four times, once at each long face. Those that were
longer on one side exhibited a larger variation between these measurements. The
standard recommended that the plane parallelism of the specimens should be less than
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0.05 mm, therefore it was decided to reject any specimens with a machining error
(expressed as the difference in length between the longest and shortest side) greater
than this.

5.5

Preparation of specimens for testing

Following inspection and density measurement, the test specimens required the
attachment o f strain gages and end tabs for the tensile specimens. Electrical
connection to the leadwires was then made through the use of solder tabs, onto which
the gage wires and the leadwires were soldered. The choice and type of strain gages is
described in this section, along with the solder tabs and end tabs, followed by
photographs of the different types o f test pieces ready for testing.

5.5.1

Choice of strain gages and adhesive

The strain gages used are shown in Figure 5.5. They were chosen for their relatively
large grid size with respect to the layer thickness to reduce the effect of any variation
in strain. This size also allowed for a greater accuracy in attachment due to improved
ease of handling compared to smaller gages. Except for the gages used on the shear
specimens, the grid length of these gages was
described by Savage

6

mm, which is within the 3-6 mm

as being normally used with carbon-carbon composites. Their

resistance was 350 Q , commonly used for composites testing due to lower heat
generation than 120 £2 gages. For specimens requiring the measurement o f strain in
one direction only, uniaxial gages were used, while for those requiring strain
measurement in two orthogonal directions, biaxial gages with a 90° side by side gage
pattern were used. This made application easier and more accurate than adhering two
uniaxial gages to the specimen at 90° to one another. A ±45° gage pattern was chosen
for the shear tests due to the requirement of measuring strains at ±45° to the long axis
o f the Iosipescu specimen. Unlike the gages for the tensile and compressive
specimens, the grid length of each ±45° element was 2 mm rather than

6

mm due to

the limited space available for the gages in the gage section. This was within the
0.062-0.125 inch (1.575-3.175 mm) range recommended by the standard (ASTM D
5379 [12]). All gages were supplied by TML Tokyo Sokki Kenkyujo Ltd and were of
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the following designations, FLA-6.350-11 (uniaxial), FCB-6.350-11 (0-90° biaxial)
and FCT-2.350-11 (±45° biaxial). With self temperature compensating (STC) gages it
is often necessary to choose the STC number of the gage to be the same as the
coefficient of thermal expansion of the specimens. This was not possible due to the
gage patterns required not being available with the appropriate STC number, so the
nearest (11 x 10'6 K'1) was chosen (coefficients of thermal expansion of Dunlop
carbon-carbon composite are:

CUn-piane

= 1 x 10'6 K"1,

Q W igh-thickness

= 10 x 10'6 K'1).

However, given the fact that the testing is to take place at room temperature and that
heat generation during them was not observed during preliminary testing, this should
not be of significance.

Figure 5.5

Strain gages prior to attachment, from left to right, uniaxial, for tensile

and compressive specimens, 0-90° biaxial, for tensile and compressive specimens and
±45° biaxial, for shear specimens.

5.5.2

Attachment of strain gages, solder tabs and leadwires

The strain gages were attached with cyanoacrylate adhesive (TML Tokyo Sokki
Kenkyujo, Type CN), which was chosen for its suitably short curing time (20-60
seconds). Solder tabs (TML Tokyo Sokki Kenkyujo, TF-2MS) were attached to the
specimens (Figure 5.6) using a silicone rubber adhesive rather than cyanoacrylate.
This was because it was thought desirable to minimise the amount of cyanoacrylate
adhesive penetrating into the specimen, which silicone adhesive did not do. Also,
since silicone rubber is extremely compliant, the possibility that attachment of the
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tabs might affect the mechanical strength of the specimen could be discounted.
Following the attachment o f the gages and solder tabs, the gage wires and then the
leadwires were soldered to the solder tabs, except for the tensile specimens where end
tabs were added before leadwires were attached. Figures 5.6 to 5.8 show tensile,
compressive and shear specimens with and without strain gages and solder tabs.

5.5.3

End tabs and their attachment

Aluminium end tabs, which are generally regarded as suitable for use with in-plane
tensile tests o f most composite materials were glued to the tensile specimens (Figure
5.6 (b)-(f)) using an epoxy resin adhesive (Ciba Araldite 403R) and held in a clamp
during curing. Care was taken not to apply excessive clamping force to the specimens.
The specimens were prevented from sticking to the clamp and each other by the
insertion o f PTFE film (that was supplied for use with the strain gages during their
attachment) between surfaces that were not to be bonded.

Since the DAMZZ blocks were not quite thick enough for the entire length of the
through-thickness tensile specimens to be machined from them, these specimens had
to be cut slightly shorter. This required the attachment of a block of scrap material to
build up each end o f the test piece to the required length, which was bonded during
the attachment of the end tabs (Figure 5.6 (g)). For the through-thickness tensile
specimens, PMMA rather than aluminium end tabs were used since its modulus was a
better match to that expected of these specimens

(E p m m a

= 3.3 GPa,

E ai

= 71 G P a[17]

compared to 12.10 GPa through the thickness of a typical carbon-epoxy laminated
composite [2]).
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Pictures of specimens prior to testing

Leadwires

Solder tabs

Strain gages

Bonded joint

Figure 5.6

Tensile specimens, (a) DISC material Direction 1 (without strain gages

and end tabs), (b) DAMZZ Direction 1, (c) DAMZZ Direction 2, (d) DAMZN
Direction 1 (with leadwires attached), (e) DAMZN Direction 1 thick specimen, (f)
DAMZZ Direction 2 thin specimen and (g) DAMZZ Direction 3 specimen showing
ends extended by bonded on material. Specimens are approximately 15 cm in length.
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Figure 5.7

Experimental Methods

Compressive specimens, (a) ungaged DAMZZ Direction 1, (b)

DAMZN Direction 1, (c) DAMZZ Direction 1 and (d) DAMZZ Direction 3.

Figure 5.8

Shear specimens, (a) DAMZZ Orientation 12, (b) DAMZZ Orientation

23, (c) DAMZZ Orientation 31, (d) DAMZN Orientation 12 with strain gages and
leadwires attached.
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5.6.1

Equipment

Experimental Methods

The mechanical tests were conducted on a vertical screw driven test machine (Instron
1195). Two load cells were used, with maximum loads of 500 kgF (Instron TensionCompression load cell, Type 2511-312, Model # A217-12) and 100 kN (Instron
Tension-Compression load cell, Model # A30-33). The former was used for the shear
tests and the latter for the compressive and tensile tests. Tensile specimens were held
in self-tightening wedge grips (Figure 5.9 (a)) and the compressive specimens were
loaded by steel plattens (Figure 5.9 (b)). The shear specimens were loaded in a
Wyoming rig, as specified by the standard for Iosipescu shear tests (Figure 5.9 (c)).
Strain gages were connected by two wire connections to a data-logging unit (Marandy
1004), which incorporated an independent quarter-bridge circuit for each gage.

5.6.2

Test speed

Due to the fact that the test machine cross-head speed can be increased only in fixed
increments, the test speed could not be adjusted to give an exact strain rate. In any
case, due to variation in specimen stiffnesses, choosing a cross-head speed to give a
predetermined strain rate would be an inexact procedure. Additionally, the stiffness of
the ‘stack’ i.e. the fittings and connections between the cross-head and the specimen
would also affect this and for the tensile tests movement would also be expected in
the self-tightening wedge grips. Therefore the same cross-head speed was used for all
specimens tested in the same configuration (tensile, compressive and shear). The
cross-head speeds used were 0.5 mm min' 1 for the compressive and shear tests and 2
mm min ' 1 for the tensile specimens whose length between grips was approximately
four times longer. This resulted in a typical test being completed in approximately one
minute in accordance with the compressive standard [l5]; however since the time
required reaching the failure strain varied between specimen types, some specimens
took up to three minutes to fail.

114

Chapter 5

5.6.3

Experimental Methods

Specimen mounting procedure

Tensile tests:

The grips were brought to a distance apart corresponding to the

length o f specimen between the end tabs, following which the specimen was inserted
into the self-tightening wedge grips (Figure 5.9 (a)). These required tightening by
turning a handle around the top o f the grip and care was taken not to damage the
specimens by twisting them during this operation. Once the specimen was fitted in the
grips, the cross-head was moved down slightly to remove as far as practicable any
tensile preload before the strain gages instrumentation was zeroed and the test started.

Compressive tests:

A custom made jig, which fitted exactly over half of the platten

and contained in its centre a recess shaped for the specimen to fit into, was used to
position the specimens directly in the centre of the bottom platten. The test machine
cross-head was then moved down in order to bring the top platten into contact with
the specimen, shown as a small preload on the data monitoring equipment, following
which the jig was removed. This held the specimen in place while the strain gage
instrumentation was zeroed before the test commenced.

Shear tests:

The screws controlling the tightening wedges (Figure 5.9 (c))

were turned so that these were wide enough apart for the specimen to be inserted and
the cross-head was moved so that the two halves of the fixture were in a position such
that a specimen could be inserted. The specimen was inserted and the left grip
tightened. The right side o f the fixture, attached to the test machine cross-head was
then moved down extremely slowly until it touched (seen as a tiny preload registered
by the data logger unit). The right hand grip was then tightened. This led to a small
preload, which was corrected by moving the cross-head extremely slowly in the
appropriate direction until the force measured by the load cell was zero. The strain
gages were then zeroed.
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Pictures of test specimens in the test machine

Figure 5.9 shows tensile, compressive and shear test specimens in the test machine
immediately prior to testing. Larger pictures of the test specimens can be seen in
Figures 5.6 to 5.8.

(b) Compressive specimen and test set up

(a) Tensile specimen and test set up

(c) Shear specimen and test set up

Figure 5.9

Test specimens immediately prior to testing, with the directions of the

applied loads F indicated, (a) Tensile specimen in grips, (b) Compressive specimen
between plattens and (c) Shear specimen in Wyoming fixture.
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Conversion of raw data into stress and strain

The signal from the load cell on the Instron was in two forms, as a chart recorder plot
and as a voltage that was recorded by the data logger unit. The chart recorder gave a
record of load versus cross-head displacement that was used to keep track of the load
during the test and ensure that the maximum for the full scale deflection (FSD) used
was not exceeded. The load voltage output was recorded by the data logger unit on the
same time axis as the strain gage output, allowing stress-strain plots to be made after
the voltage signals had been converted into stress and strain readings.

As mentioned in Section 5.6.1, two types of load cell were used, 500 kgF and 100 kN,
which could measure over the load ranges 0 to 10, 20, 50, 100, 200 or 500 kgF and 0
to 2, 5, 10, 20, 50 or 100 kN respectively. The maximum load of each range, termed
the full scale deflection (FSD), was selected so that ideally the maximum load
experienced during the test was in its upper half in order to give the maximum
accuracy possible in the load output. This requirement sometimes led to the FSD
being changed during or after the first in a set of similar specimens. The load output
from the Instron ranged from 0 to 10 Volts, with 0 V corresponding to zero load and
10 V corresponding to the FSD used for the test. Between 0 and 10 V there was a
linear relationship between force and load so the conversion of voltage output into
load was simple. For example for a 50 kN FSD, 10 V corresponds to 50 kN, hence 1
Volt corresponds to 5000 N. Therefore the signal in Volts was multiplied by 5000 to
give the load in Newtons. The normal stress

G

or the shear stress

T,

depending on

which was appropriate, was then calculated from the load F and the cross sectional
area A o f the specimen gage section using Equation 13 or 14 respectively.

G —F /A

Equation 13

T = F /A

Equation 14
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The output voltage, Vout, from each strain gage was converted into strain e by
Equation 15, where G is the gage factor o f the strain gage.

c

2 V

.

Equation 15

G (500-V m )

This form o f Equation 15 is specific to the electronics in the measuring equipment
used (Marandy 1004) and is dependent upon the arrangement of resistances in the
Wheatstone Bridge. The gage factor G is specific to the type of strain gage used and
was 2.13 for the uniaxial gages (FLA-6.350-11), 2.07 for the biaxial gages (FCB6.350-11) and 2.10 for the ±45° biaxial gages (FCT-2.350-11) used on the shear
specimens. This method of strain calculation was verified through comparison o f the
strains predicted with those from an alternative strain measuring system. A strain gage
was bonded to a simple steel beam; firstly this gage was connected to the strain gage
conditioning and data-logging unit (Marandy 1004). The beam was loaded elastically
in flexure using progressively larger weights and the strain calculated using Equation
15. This was repeated with the strain gage attached to an alternative system
(Measurements Group P-3500 Strain Indicator with SB-10 Switch & Balance Unit)
that gave a direct reading of strain. The strains for equivalent loads on the beam using
the two different systems agreed with one another to one part in one hundred.

In the case of the shear specimens, the measured strains from the ±45° grids were
converted into shear strain /u sin g Equation 16, where £ 1-45 ° is the strain measured by
the +45° grid and

£ 4 5 °

is the strain measured by the -45° grid. The shear strains from

the gages on the front and back o f the shear specimens were then averaged.

/

=

|e + 45o | +

|e _ 45o

Equation 16

|

The conversion o f the measured voltages into stress and strain using these equations
was done using Microsoft Excel. Using the same software, the records of stress and
strain versus the same time axis were then converted into stress-strain curves from
which the elastic moduli could be calculated.
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Post fracture characterisation

In order to gain more information about the precise failure mode exhibited by the
specimens, representative specimens from each set of tests were prepared for optical
microscopy. In the case o f the compressive specimens, their small size allowed the
entire specimen to be mounted, removing the risk of inducing further damage during
specimen preparation. For the tensile and shear specimens, the area where failure had
occurred was cut out of the specimen using a bandsaw, then cleaned in distilled water
in an ultrasonic bath to remove debris formed during this operation. The specimens
were placed in a mould in a vacuum chamber (Struers), which was then evacuated.
After holding under vacuum (<15 mbar) for 30 minutes, a low viscosity coldmounting resin (Struers Specifix-40) was introduced into each mould until the sample
was covered. Following this the pressure was increased to 100 mbar in order to allow
the resin to degas without causing the hardener in the resin to boil, during which the
resin was carefully observed and the vacuum reduced if this occurred. When bubbles
were no longer present on the surface of the resin, the samples were removed from the
vacuum chamber and the resin allowed to cure.

Polishing
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Polishing method used to prepare samples for optical microscopy.

The cured samples were then ground and polished by machine (Buehler Metaserv
Motopol 12) by the method shown in Table 5.2. For all stages the head speed o f the
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polishing machine was 70 rpm. Once mounted and polished, specimens were
examined using a reflected light microscope (Zeiss ICM 405) with camera attached.
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CHAPTER 6
EXPERIMENTAL RESULTS
The results o f the mechanical tests are presented and discussed in this chapter. The
first section discusses the typical failure modes o f the mechanical test specimens,
since these affect the validity of the failure strengths given by the tests. This is
followed by an examination o f the nature of the failure cracks at a microscopic level.
Section 6.3 examines the typical stress-strain plots exhibited by the different types of
specimen and explains how a suitable strain region for modulus measurement was
chosen. Section 6.4 considers the transverse versus longitudinal strain measurements
on tensile and compressive specimens and the calculation of Poisson’s ratios from
these results.

Having first considered the validity and limitations o f the data, the mechanical test
results are summarised in Section 6.5, where they are presented in full tabular form, as
average strengths and moduli for the different types o f material along with standard
deviations. The question of whether these are affected by specimen density is then
addressed in Section 6 .6 , where strengths and moduli are plotted versus density. The
final section shows the results of additional work attempting to test a small amount of
staple and continuous material for comparison with DAMZZ and DAMZN.

6.1

Typical failure modes

The term ‘failure mode’ is used to describe the exact manner in which a mechanical
test piece fails, i.e. where failure occurred and by what mechanism. Should the test
specimen fail in the position and manner intended, the failure mode is valid. However
should this not be the case, the failure mode is termed ‘non-valid’. Examples of nonvalid failure modes would be where a tensile specimen failed outside the gage section,
including at the end tabs, or a shear specimen failed by compression or tension. In
both these cases, reporting the stress calculated from the peak load and the crosssectional area at the gage section as the failure stress would be erroneous. In the case
o f the tensile specimen, this would be due to the actual cross-sectional area at the
failure point not being the same as that in the gage section and also because stress
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concentration at the end tab may have influenced the failure load. For the shear
specimen the result would not be valid because what was being measured would
result from failure due to compressive or tensile stress in another part of the specimen
and not shear failure. Therefore it is important to consider the validity o f the failure
mode before strength results from mechanical tests are presented. This does not
usually affect the modulus data however, because the portion of the stress-strain used
to calculate it is at lower stresses and strains. Since the mechanical test specimens
used in this study exhibited a mixture of valid and non-valid failure modes, this
section looks at the typical failure modes shown by all the different types o f material
tested. The tensile failure modes are examined first followed by the compressive and
then the shear specimens. For the Iosipescu shear tests, reinforcements made to the
specimens to ensure a valid failure mode are also described. These reinforcements,
described as acceptable in the test standard tl], can in some cases prevent a non-valid
failure mode whilst preserving the validity of the test.

6.1.1

Tensile failure modes

The aim of using waisted tensile specimens is to overcome the effect of stress
concentrations in the region of the end tabs, which may result in an artificially low
failure load, by including extra material in this region to strengthen it. This
encourages failure in the thinner gage section so that a valid failure strength can be
properly measured in the absence o f a stress concentration. Although waisted tensile
specimens were used, most of them did not exhibit a valid failure mode, suggesting
that the degree of waisting was insufficient. The typical manner of failure varied
according to the type of specimen, i.e., its material and direction, and to a lesser
degree within samples of each specimen type. Variation was seen in both the position
o f failure along the specimen and the appearance of the broken ends. The appearance
o f failure is of interest since it shows how the different lay-ups deflected failure
cracks and may lend insight into failure mechanisms. Figure 6.1 shows typical failure
modes of the DISC material and DAMZN tensile specimens. For the DISC material,
the failure modes were all very similar to one another, exhibiting a jagged fracture
surface. Cracking appeared to have been deflected by the different layers. The failed
portion typically intersected but was not confined to the gage section because of this,
and did not reach nearer than 5 mm to the end tab region in any of the specimens.
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Failure was sudden with crack initiation and propagation invisible to the naked eye,
therefore it was not possible to tell where the crack initiated on the specimen.
Although these failed roughly in the centre and none at the end tab, spreading of the
fracture zone outside the gage section together with the fact that it was unclear where
the fracture had started meant that the validity of the failure mode could be
questioned.

(a) DISC Direction 1

(b) DAMZN Direction 1

(c) DAMZN Direction 1 Thick Specimen
Figure 6.1

Typical failure modes of DISC material and DAMZN tensile

specimens.

Two distinct modes of failure were observed in the DAMZN specimens. The first
predominant mode occurred in 7 of the 10 specimens and consisted of cracking
straight through the specimen with a small amount of crack deflection along the
specimen just under the surface as seen in the DAMZN specimen shown in Figure 6.1
(b). This was mostly in the gage section although two specimens broke next to the end
tabs. The second failure mode involved a crack path that progressed a small distance
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into the specimen before progressing between layers along its length. In two of these,
the crack could be seen initiating and propagating along the specimen in this way. The
crack then passed through the rest o f the specimen thickness just before the end tab in
a manner similar to those that broke straight through. Three of the thick DAMZN
specimens broke in a similar mode (Figure 6.1 (c)), while the other two broke all the
way through next to the end tabs, with a similar appearance to the normal DAMZN
specimens. Therefore although some of the DAMZN tensile test specimens exhibited
valid failure modes, i.e. five specimens whose failure zone was small and confined to
the gage section, the majority did not. These failed either by a non-valid mode, which
was failure next to an end tab or one whose validity could be called into question,
where the failure zone spread along the specimen and where the initiation point was
unclear.

Figure 6.2 shows the typical failure modes of the different direction DAMZZ tensile
specimens. The DAMZZ Direction 1 specimens mostly broke close to but not at the
end tab as shown in Figure 6.2 (a), although a failure mode similar to the thick
DAMZN specimens was also observed (Figure 6.1 (b)). Two o f these specimens did
not break straight through, instead their end tabs sheared off. This was not due to the
glue failing but by interlaminar shear failure o f the material beneath the end tabs.
Failure was sudden and it proved impossible to observe where the failure initiated
except in one specimen where a vertical interlaminar crack appeared along the centre
o f the specimen immediately prior to failure and also in the specimens whose end tabs
sheared off. In these, a crack could be seen initiating near the end tab and progressing
between the layers into the end tabbed region just before failure. None of the DAMZZ
Direction 1 tensile failure modes could therefore be considered valid.
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(a) DAMZZ Direction 1

(b) DAMZZ Direction 2

(c) DAMZZ Direction 2 Thin Specimen

(d) DAMZZ Direction 3
Figure 6.2

Typical failure modes of DAMZZ tensile specimens.

The DAMZZ Direction 2 specimens all broke at the end tabs as seen in Figure 6.2 (b),
thus giving a non-valid failure mode. However, the thin DAMZZ Direction 2
specimens fractured in the necked region of the specimen but not in the gage section
(Figure 6.2 (c)). A similar mode to this was exhibited by the DAMZZ Direction 3
specimens (Figure 6.2 (d)). Since stress concentration had not caused them to fail at
the end tabs, it might therefore be expected that they should fail in the gage section
due to its reduced cross sectional area. However, this was not the case, possibly due to
the following explanation. Assume that the strength in these directions is dominated
by the strength of the matrix, that the matrix strength is governed by flaws and that a
random flaw distribution exists along the length of the specimen. Assume also that the
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presence o f a defect in reducing the strength is dominant over the increase in strength
afforded by a slightly larger cross-sectional area. In such a case, the breaks would be
distributed roughly at random along the length of the sample. Since the gage section
occupies the minority o f the length of the specimen, this would imply that most of the
fracture points would be located outside the gage section. The absence o f any failures
directly in the centre of the gage section could be explained by the possible
strengthening effect o f the cyanoacrylate adhesive used to attach the strain gages,
some of which appeared to have soaked into the specimens. There was very little in
the way o f crack deflection in these specimens, suggesting that the presence of
continuous fibre in or close to the loading direction is required to achieve this.
Therefore it might be conjectured that an all-staple disc might be less tough than one
made from DAM layers. For all o f the tensile specimens where there was no
continuous fibre in or close to the loading direction, failure was sudden, with no pre
cracking observed.

In summary, the failure modes of most of the tensile specimens were not valid. The
exceptions to this were the DISC material specimens and half o f the DAMZN
specimens, although it could be argued whether the DISC material failure mode was
valid or not. Most o f the specimens exhibited failure away from the gage section or
failure that progressed along much o f the length of the specimen, where it was unclear
where the crack had actually started. Even the specimens with no continuous fibre in
the loading direction did not exhibit failure in the gage section. It seems likely that
these non-valid failure modes can only be prevented by using an altered specimen
design with a greater degree o f waisting. Whilst Godwin [2] stated that waisted
specimens can lead to shear failure in tensile specimens before tensile failure can take
place, especially in unidirectional composites, such shear failure was not observed,
except in two Direction 1 specimens where shear failure occurred beneath the end
tabs. Given that the prevalent non-valid failure modes involved failure close to the
end tabs, this is likely due to the stress concentration in this area, therefore increasing
the degree o f waisting would probably result in valid failure modes. This would have
involved replacing the vast majority of the tensile specimens and repeating the tensile
tests. This was not considered feasible due to the large number o f expensive
replacement specimens required.
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Given the failure modes that were observed, the calculation of strength by dividing
the load at failure by the cross-sectional area at the gage section was unreliable,
because it supposes that failure occurs in the gage section. The area at the failure point
cannot be used because in the case o f failure at the end tab it broke there due to stress
concentration and would therefore give an underestimate of strength. Where failure
occurred between the end tab and the gage section, damage means that the crosssectional area would be difficult to measure accurately. However, since the thinner
gage section supported the failure load of the specimen without itself failing, it must
be at least as strong as the strength calculated from the failure load and gage section
cross-sectional area. Therefore, this can be used to obtain a conservative estimate of
the tensile strength rather than the actual tensile failure strength. The values o f tensile
strength given in Section 6.5.1 are such an estimate. The problem of non-valid failure
modes does not affect the validity o f the Young’s moduli calculated from these tests.
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6.1.2

Compressive failure modes

(a) DISC Direction 1

(b) DAMZN Direction 1

(c) DAMZN Direction 1 Thick Specimen

(d) DAMZZ Direction 1

fiSl-tfLi

(e) DAMZZ Direction 2
Figure 6.3

(f) DAMZZ Direction 3

Typical failure modes of compressive specimens, loaded vertically.

Figure 6.3 shows the typical failure modes of the six types of compressive specimen.
The failure modes of specimens with layers parallel to the direction of loading appear
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similar to one another, Figure 6.3 (a) to (e). The general mode of cracking is either
between the layers, such as in Figure 6.3 (a), or through layers at an angle between 0°
and 45° to them, such as in Figure 6.3 (b), but never in a plane that is normal to the
layers. In specimens with the layers parallel to the load, i.e. all except the DAMZZ
Direction 3 specimens, Figure 6.3 (f), failure was either by longitudinal splitting,
diagonal cracking or a combination of these two modes. Failure by both of these
modes resulted in accommodation of the compression by lateral expansion of the
specimen. Although the longitudinal splitting mode could be called interlaminar, it is
not termed this because microscopic examination revealed that the longitudinal cracks
did not always follow the interlaminar boundary (see Section 6.2). Specimens that
failed by the longitudinal splitting mode typically exhibited small diagonal cracks that
joined the longitudinal cracks together, with the exception of specimens that were
rejected due to extreme layer misalignment such as those illustrated in Figure 6.4
which were tested in addition to the main test programme and their strengths not
included in the average results.

Figure 6.4

Typical failure modes of compressive specimens with severely

misaligned layers.

Specimens that failed by either of these modes or a combination of them were present
in each set of specimens of the same type. Despite this, one mode or the other tended
to be prevalent in each set of the same specimen type. Diagonal cracking tending to
predominate if there was continuous fibre perpendicular to the loading direction, for
example DAMZN Direction 1 and DAMZZ Direction 2, with longitudinal splitting
more prevalent if this were not the case. This is probably because in the Direction 2
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specimens the continuous fibre is not parallel to the loading direction, thus allowing
easier shear failure o f the continuous layers. For the Direction 3 DAMZZ specimens,
the only ones where the load was not parallel to the layers, failure was by diagonal
cracking only and was always perpendicular to the face made by material directions

2

and 3, i.e. the face with layers o f continuous fibre perpendicular to it. Hence the crack
passed through the continuous layers without cutting through the continuous fibres.
The general modes of failure of the compressive specimens were similar to those
reported by Leigh [3], who performed identical tests on new and used Dunlop
commercial carbon-carbon composite similar to the DISC material tested in this work.
The manner o f failure tended towards the diagonal cracking mode, although Leigh
noted that ‘delamination often continued beyond the position where the crack passed
through the layer and near the surface plies often became completely detached’.
Gupta, Anand and Kryska

describe similar failure modes for a laminated carbon-

carbon composite comprised o f eight harness satin woven fabric layers. Specimens of
similar dimensions (2.54 x 1.2 x 0.7 mm) to those used in this work were end loaded
in compression between hardened steel plattens. Both diagonal cracking and
longitudinal splitting, termed shear band failure and delamination respectively, were
observed, the former of which was predominant among specimens o f a low crack
density (HCD) and the latter predominant among specimens with a high crack density
(HCD). The HCD specimens differed from the LCD specimens firstly in having
longer axial cracks than them and secondly having both 0 -0 ° and quasi-isotoropic lay
ups, while the LCD specimens had only 0-0° lay-ups.

Regarding the validity of these failure modes, although it is possible that end loading
o f laminated compressive specimens might result in a lower strength being measured
than by a test method that did not load the specimen in this manner, for example using
longer specimens loaded with grips and end tabs, the material is also loaded in this
way when in service. This means that the test method used is matched to the
application and is therefore more appropriate. The nature of the failure cracks seen in
these specimens at a microscopic level is examined in more detail in Section 6.2.
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Shear failure modes

In Section 6.1.4, the possibility of non-valid failure modes in the Iosipescu shear test
was mentioned. A non-valid failure mode is one where failure does not occur by shear
in the gage section. Instead, premature failure occurs by some other mode before the
shear failure stress in the gage section can be reached. This can sometimes result from
cracks initiated at the load points of the specimen. ASTM standard D 5379 [1] gives
the most common non-valid failure modes in pictorial form, and Savage [V| presents an
empirical set of valid and non-valid failure modes. The standard also mentions that
the attachment of end tabs can be used to prevent this in some cases. This section first
describes the cases where non-valid failure took place along with measures then taken
to prevent this. A full set of shear failure modes is then presented and discussed.

(a) DAMZZ Orientation 12

(b) DAMZZ Orientation 21

(c) DAMZZ Orientation 31

(d) End tabbed Orientation 31 & 32

Figure 6.5

Non-valid shear failure modes and specimens with end tabs to prevent

non-valid failure modes in the DAMZZ Orientation 31 and 32 specimens.
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Non-valid failure modes were observed in the DAMZZ Orientation 12, 21, 23, 31 and
32 shear tests. Figure 6.5 shows the non-valid DAMZZ Orientation 12, 21 and 31
failure modes. The DAMZZ Orientation 32 specimens (not shown) failed in a manner
similar to the Orientation 31 specimens (Figure 6.5 (c)). As can be seen from Figure
6.5 (a), the failure mode of the DAMZZ Orientation 12 specimen is different from the
others. Crushing and delamination o f the material occurred at the loading point of the
material before the gage section could fail in shear. This was exhibited by nine out of
ten o f these specimens, the exception having failed in a valid manner. Interestingly
this specimen had a notably higher density (1.83 g cm'3) than the other specimens
(1.68 to 1.74 g cm'3). It was hence reasoned that this might influence the failure mode
and ten further specimens of this type were machined. These were cut from near the
edge o f the block where density was typically found to be highest.

The failure mode o f the Orientation 21, 31 and 32 specimens was of a type that end
tabbing was expected to avoid by preventing cracks from initiating at the load points.
Aluminium sheet (0.15 mm thick), the back of which had been sanded, was attached
to the remaining Orientation 31 and 32 specimens using cyanoacrylate adhesive as
shown in Figure 6.5 (d). This shows a specimen where strain gages and solder tabs
had already been attached and another that was not strain gaged. In the former case,
the gage wires were unsoldered from the solder tab and gently lifted up before the
reinforcement was attached and then resoldered afterwards. Two extra specimens of
each o f these two types were machined to restore the sample size. A full replacement
set o f Orientation 21 specimens was made since the original specimens had all been
tested. The DAMZZ Orientation 23 specimens were not replaced as it was considered
unlikely that similar reinforcement would result in a valid failure mode since during
the tests cracks were observed to initiate at the notch tips of the specimens rather than
their load points.

Having replaced or reinforced the relevant specimens, subsequent testing resulted in a
combination o f valid and non-valid failure modes for each of the four types of
specimen replaced and / or reinforced. The numbers of these specimens that exhibited
valid failure modes are given in Section 6.5.3 where the results of the shear tests are
summarised. Figure

6 .6

shows the non-valid failure modes observed in some of the

DAMZZ Orientation 21 (Figure

6 .6

(a)) and Orientation 31 (Figure
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despite specimen reinforcement. A similar non-valid failure mode to the Orientation
31 specimens was observed in some of the Orientation 32 specimens.

(a) DAMZZ Orientation 21
Figure 6 . 6

(b) DAMZZ Orientation 31

Non-valid failure modes observed in some DAMZZ Orientation 21 and

Orientation 31 specimens despite reinforcement.

Figure 6.7 shows valid failure modes exhibited by the in-plane shear specimens. It can
be seen that the DAMZN Orientation 12 failure mode is valid as defined by ASTM
D5379 m, as are those of the reinforced DAMZZ Orientation 12 and Orientation 21
specimens, exhibiting shear failure that is largely confined to the gage section and has
not initiated outside it. The DISC material Orientation 12 specimens also exhibit shear
failure in the gage section, however since the cracks have gone along the specimen, it
was not clear where they initiated. Therefore the possibility must be noted that the
shear strengths given may not be valid. These were not repeated like the other test
orientations that exhibited non-valid failure modes for two reasons. Firstly it is
probable that the failure mode was valid. Secondly there was no obvious way to avoid
this given the crack deflecting nature of this material.
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(a) DISC Orientation 12

(b) DAMZN Orientation 12

(c) DAMZZ Orientation 12

(d) DAMZZ Orientation 21

Figure 6.7

Failure modes of in-plane shear specimens.

The failure modes of the through-thickness shear specimens are shown in Figure 6.8.
The strain gages and adhesive have been removed with acetone in order to observe the
cracks. The Orientation 13 specimens all failed in a mode described as valid by the
standard, involving the interlaminar shear failure between the layers in the central
region of the specimen. Since the cracks in the Orientation 13 specimens cannot be
seen easily, the pictures shown (Figure 6.8 (a), (b) & (c)) were taken using a low
magnification microscope. The DAMZZ Orientation 23 specimens (Figure 6.8 (d))
were the only ones to exhibit no valid failure modes. Since the cracks appeared to
have initiated at the notches rather than the load points, reinforcement was not thought
likely to result in a valid failure mode. Some specimens with layers perpendicular to
the length of the specimen exhibited valid failure modes. Section 6.2 discusses the
nature of these failure modes at a microscopic level.
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(a) DISC Orientation 13

(b) DAMZN Orientation 13

(c) DAMZZ Orientation 13

(d) DAMZZ Orientation 23

(e) DAMZZ Orientation 31

(0 DAMZZ Orientation 32

Figure 6 . 8

Failure modes of through-thickness shear specimens.

136

Chapter 6
6.2

Experimental Results

Post fracture microscopic examination of mechanical test specimens

Although the previous section described the failure modes of the different types of
mechanical test specimens, this focussed largely on the validity of the failure mode
and the general appearance of the fracture surfaces. In order to gain more insight as to
the fracture mechanisms themselves, microscopic examination of these fractured
specimens was also conducted. Owing to the large number of micrographs that were
taken and great similarities between many o f them, only a few examples are shown
here, which have been selected as being most relevant to illustrate specific points.

Generally, the route by which cracks passed through the material was found to be
along the staple layers, at least as far as was possible given the position of the layers
with respect to the applied load. The interface between the continuous and staple
layers also appeared to be a weak plane in many cases, possibly due to additional
fibre-matrix porosity as reported by Leigh

In explaining the failure mechanisms of the tensile specimens, it is useful to start by
examining the material with the simplest lay-up, DAMZZ, since the layers that
comprise this make up DAMZN and DISC material, but in a more complicated
arrangement.

The DAMZZ Direction 1 tensile specimens exhibited jagged fracture surfaces and
some crack deflection along the length o f the specimen i.e. along the loading
direction. Microscopic examination showed that in cases where the crack direction
was parallel to the length of the specimen, the actual crack path was either along the
staple layers or along the interface between the staple and continuous layers, the
continuous layers in this case being at 0° to the loading direction. The fact that cracks
passed preferentially through the staple layer suggests that they are less resistant to
crack propagation than the continuous layers at 0° to the loading direction. The
observation that cracks passed along the interface between the two types of layers
lends support to the theory that the
cracks along the specimen.

0

° continuous layers are acting to deflect the

In contrast to this, the DAMZZ Direction 2 tensile

specimens, where the continuous layers were oriented at 90° to the loading direction
did not exhibit a significant degree o f crack deflection along the specimen. Although
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the fracture surfaces were not completely smooth, fracture could be described as a
‘clean break’ compared to the Direction 1 tensile specimens. The fracture surface
shown in Figure 6.9 illustrates the weakness of the continuous fibre layer at 90° to the
applied load, which can be seen to contain a second crack (a) in addition to the crack
by which the layer broke apart (b).

Loading direction

*

Figure 6.9

Continuous layer

Micrograph showing the fracture surface of a DAMZZ Direction 2

tensile specimen.

In the light of these observations, the failure mode of the DAMZN tensile specimens
can be more easily understood. In some of these specimens, where cracks were
deflected along the length of the specimen, these cracks were found on a microscopic
level to follow a similar path to those in the DAMZZ Direction 1 tensile specimens,
i.e. along staple layers or the interface between a staple layer and a 0° continuous
layer. This suggests that a 0° continuous layer was responsible for deflecting the
crack. However, in others there was a lack of significant crack deflection and in
failures there was a point where the crack passed straight through either all or most of
the specimen thickness. This might be attributed to the periodic presence in the
layering sequence of a staple layer, a 90° continuous layer and another staple layer in
succession, which could potentially allow a crack to pass straight through three weak
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layers in succession before meeting a crack deflecting 0° layer. Once this had
occurred, the crack would already have passed through a significant portion o f the
cross-sectional area of the specimen, thereby causing a greater stress concentration
than if it had progressed a shorter distance. It would then have a better chance of
causing the 0 ° continuous layer to fail directly ahead of it rather than being deflected
by it. Out of all the tensile specimens, the DISC material ones were unique in
exhibiting the most jagged fracture surfaces and the greatest degree of crack
deflection, as was mentioned in Section 6.1.1. This was much greater than that seen in
the DAMZZ Direction 1 tensile specimens, although the route by which fracture
cracks had been deflected along the length of these specimens was similar, i.e. along
either staple layers or the staple-continuous layer interface. The larger degree of crack
deflection may be due to the presence of continuous layers at angles between 0 ° and
90° to the loading direction. This is because these are likely to crack between the fibre
bundles in a manner similar to a continuous fibre layer at 0 ° to the loading direction.
Once a crack such as this has started, in order for the layer to be broken apart
completely it must pass along the specimen at whatever angle that layer is to the
loading direction. Since some o f these layers are orientated at angles less than 45° to
the loading direction, this explains why there is significant crack deflection along the
length o f the specimen.

The straight through cracks by which the DAMZZ Direction 3 tensile specimens
failed usually passed straight through a staple layer, suggesting that the staple material
is weaker in tension than a continuous layer at 90° to the load. This may be because
whilst neither possesses any of the longitudinal strength o f the fibres, the continuous
fibre layer is denser and contains fewer voids. If this is the case, it might suggest that
voids in the staple material may act as stress concentrators rather than relievers.
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Micrograph showing failure cracks in a DISC material compressive

specimen.

Loading direction

Continuous layer

;

,V

s

*

*
*

"
1000 jum
Figure 6.11

Micrograph showing failure cracks in a DAMZN compressive

specimen.
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Section 6.1.2 described the failure of compressive test specimens with layers parallel
to the applied load (i.e. all except DAMZZ Direction 3) as being by one of two modes
or a combination o f these. The first of these was longitudinal splitting, exhibiting
many longitudinal cracks along the layers connected to those in the next layer by short
diagonal cracks that typically only passed through one or two layers at a time. The
second mode was diagonal cracking, where a single crack passed through the
specimen diagonally from comer to comer. Microscopic examination o f the splitting
failure mode revealed that the longitudinal cracks either passed along the staple layers
or along the boundary between the staple and continuous layers (interlaminar) and of
these alternatives, cracking through the staple layers was predominant. This type of
cracking is illustrated in Figure 6.10, which is a micrograph of failure cracks in a
compressive specimen o f DISC material that exhibited a splitting type failure mode.
As well as the longitudinal cracks along the staple layers (a), a short diagonal crack
(b) between the longitudinal cracks, typical o f those seen in specimens exhibiting the
splitting type failure mode, is also evident.

Figure 6.11 is an example o f a typical failure crack in a compressive specimen that
failed in the diagonal cracking mode, in this case a DAMZN Direction 1 specimen,
exhibiting shear failure in the continuous layers that is different in nature depending
on whether the continuous fibres are at 0° (a) or 90° (b) to the applied load. For the
DAMZZ Direction 1 and Direction 2 specimens, the failure cracks were very similar
to those seen in the two micrographs shown, depending on the two possible modes of
failure. However, the greater incidence of diagonal cracking in the DAMZZ Direction
2 specimens than in the DAMZZ Direction 1 specimens suggests that shear failure of
continuous layers at 90° to the applied load takes place more easily than the shear
failure of continuous layers at 0° to the applied load. This is unsurprising since the
failure in the former involves cracking between the fibres while failure of the latter
requires the crack to cut through the fibres. This view is supported by the observation
that in the DAMZZ Direction 3 specimens, which exhibited diagonal cracking only,
the diagonal cracks were oriented such that the continuous layers failed by cracking
between the continuous fibres rather than through them.
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Microscopic examination of the DISC material in-plane (Orientation 12) shear
specimens, which exhibited the greatest amount of crack deflection away from the
gage section, showed that cracks followed the staple layers and the edges of them.
The DAMZN Orientation 12 specimens exhibited a much smaller degree of crack
deflection, failure cracks being confined to the gage section. Figure 6.12 shows how a
failure crack passed through a DAMZN Orientation 12 specimen. This picture was
taken looking at the plane normal to the direction that the load was applied, with the
long dimension of the specimen being oriented horizontally. Although the failure
crack passed more or less straight through the specimen, it appears to have been
deflected very slightly by the continuous layers along the specimen. A jagged fracture
surface where the continuous layer has failed is observed (a). In the DAMZZ
Orientation 12 specimens where a valid failure mode occurred, failure was confined to
a small region in the gage section as was the case for the analogous DAMZN
specimen. The failure crack appeared similar to that of DAMZN in Figure 6.12.

Figure 6.12

Micrograph showing typical failure cracks in a DAMZN Orientation

12 shear specimen.
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For DAMZZ Orientation 21, the crack passed straight through the specimen, did not
follow a jagged path and was hardly deflected at all by different layers, although
continuous fibre bundles oriented at 90° to the crack direction were observed to have
pulled away from the broken surface in places.

Figure 6.13

Micrograph showing typical failure cracks in a DAMZN Orientation

13 shear specimen.

Figure 6.13 shows a micrograph of typical failure cracks observed in a DAMZN
Orientation 13 shear specimen. This was taken looking in a direction normal to the
plane made by the loading direction and the long axis of the specimen, with the
loading direction vertical and the long dimension of the specimen being oriented
horizontally across the micrograph. The different types of through-thickness
(Orientation 13) shear specimens exhibited similar failure cracks to one another on a
microscopic as well as a macroscopic scale. Like other types of specimen, cracking
was largely confined to the staple layers (a) and the continuous-staple layer
boundaries (b), along both of which they passed. Unlike many of the other test
specimens, the exact places where these cracks passed thorough the continuous layers,
which indeed they must do if the specimen is to break apart, were often unclear. If the
crack was followed away from the gage section it appeared to become smaller and
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smaller and given the voided nature o f the staple layer exactly where they ended or
went through the continuous layers could not be observed. Although in Figure 6.13, a
crack can be seen crossing a continuous layer at the top right of the micrograph (c),
the fibre direction o f this layer is oriented at 90° to the crack direction, rather than 0°,
in the case o f which no cracking through continuous layers was observed. Therefore,
given that these specimens were not broken apart during the test, the possibility exists
that some of the continuous fibres oriented parallel to the length o f the specimen
remain intact, despite interlaminar or shear failure of the staple layers having
occurred. Unlike the Orientation 13 shear specimens, in the DAMZZ Orientation 23
specimens the failure cracks did cut through the continuous layers, due to their fibre
direction being oriented at 90° to the applied load. This allowed shear failure of these
layers resulting in a crack path that left the staple layers and staple-continuous
boundary in places, progressing through a continuous layer into the next staple one,
resulted in the observed distinctly different failure mode from the Orientation 13
specimens. In the DAMZZ Orientation 31 and Orientation 32 specimens, the
specimen cracked and came apart along a staple layer or along a layer boundary. In
these specimens there did not appear to be any other cracking or damage near the
fracture face, suggesting that failure resulted from a single cracking event.
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Typical stress strain response of DISC material. DAMZN and DAMZZ

under tensile, compressive and shear loading

This section describes the typical stress response of the mechanical test specimens and
how the nature of this response necessitated the method of modulus determination.
Typical stress-strain plots are given for each type o f test, tensile, compressive and
shear. The choice of the strain region used for modulus determination is then
discussed in the light o f these plots and the failure strains of the different types of
specimen.

6.3.1

Stress strain response of tensile specimens

Figure 6.14 shows the typical stress-strain response o f the tensile specimens. The
most obvious feature of these is the difference in the linearity o f the plots between the
DISC, DAMZN & DAMZZ Direction 1 specimens and the DAMZZ Direction 2 &
Direction 3 specimens. Although none of the plots is perfectly linear, the deviation
from linearity for the specimens with continuous fibres parallel or nearly parallel to
the loading direction (DISC, DAMZN and DAMZZ Direction 1) is small. Therefore
for practical purposes these plots can be considered to be linear. The DAMZZ
Direction 2 specimens, with no continuous fibre parallel to the loading direction,
exhibit a decreasing gradient with increasing load. In these specimens the load must
be taken by the staple fibres, which are roughly oriented with the loading direction.
The shapes o f the curves within all these four sets o f specimens were very consistent,
although the gradients themselves varied between individual specimens.
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Figure 6.14

0.0004

(f) DAMZZ Direction 3

Typical stress strain plots for tensile specimens (these are not all to the

same scale as one another).

The shape of the curve exhibited less consistency between individual specimens for
the DAMZZ Direction 3 specimens, of which half were near linear as shown in Figure
6.14, while the remainder had gradients that either increased or decreased with
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increasing load. The reason why some of these plots curved in the opposite direction
to others is unclear. Often, a ‘toe* region is observed in stress-strain curves, where a
lower gradient than the rest o f the curve is exhibited near the origin. There may or
may not be a sudden increase in gradient for a short time at the end of this, so that the
main part of the curve, if extrapolated back towards the origin, roughly intersects it.
Such ‘toe’ regions are usually artefacts of the test method, caused by the test piece
and load points not being in full contact at the start of the test, rather than a real
feature and can therefore be discarded. It should also be kept in mind that the
accuracy of the strain measuring equipment is lower near zero than in the middle of its
measuring range because the effect o f noise relative to the rest of the signal is greater.
For the tensile specimens, deviations from linearity in this region were minimal
compared to the compressive specimens and where observed reached a maximum
strain of 0 . 0 0 0 2 (0 . 0 2 %).

It is important to note that at the top o f the curves, the stress-strain line has not been
continued past the failure strain as is sometimes done to examine, for example, post
yield phenomena in metals or progressive layer failure in laminated composites. This
is because during failure the strain signal was often lost or rendered meaningless by
either the destruction of the strain gages by failure cracks or because the region o f the
specimen that the strain gage was bonded onto being relieved of strain. Careful
observation of the specimens during progression of the test suggested that in the case
o f the tensile specimens, this was only a problem in the case of the DAMZN Direction
1

tensile specimens that failed in the mode where a crack passed along the specimen.

In these, the maximum strain measured for some of the specimens was less than the
true failure strain because as the delamination crack passed beneath the gage, the
material that the gage was attached to experienced strain relief. For the purposes of
determining the elastic modulus however, this was not a problem because part o f the
stress-strain curve required for modulus determination was unaffected by this.
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Stress-strain response of compressive test specimens
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to the same scale as one another).
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The typical stress-strain response o f the compressive specimens is shown in Figure
6.15. An important point is that aside from the ‘toe’ region, these are not as linear as
the tensile stress-strain curves. In a similar manner to the DAMZZ Direction 2 tensile
specimens (Figure 6.14 (e)), these curves are characterised by a small reduction in
slope with increasing load. This effect is more pronounced in the DAMZZ Direction 2
compressive specimens (Figure 6.15 (e)) than in the other compressive specimens
(Figure 6.15 (a)-(d), (f)). The DAMZZ Direction 3 compressive specimens, despite
being similar to the DAMZZ Direction 2 compressive specimens in having an absence
of continuous fibre in the loading direction, did not exhibit such prominent nonlinearity, although the slope o f their stress-strain plots slightly decreased with
increasing load (Figure 6.15 (f)). For these specimens, the maximum strain that the
equipment could read (0.018 or 1.8 %) was reached well before failure. However, the
Instron test machine chart recorder plots of load versus cross-head displacement
showed approximately linear behaviour until failure. Therefore it seems reasonable to
use a linear extrapolation to estimate the failure strain of the DAMZZ Direction 3
specimens. This gives a failure strain o f 0.031 (3.1 %) based upon an average stress of
35 MPa at a strain o f 0.018 (1.8 %) and an average failure stress of 60 MPa.

The second prominent feature of the compressive stress-strain curves is that many, but
not all o f them, exhibit a deviation from linearity at the ‘toe* of the curve, which can
be either an increase or decrease in slope with increasing load. Examples of this are
shown in Figure 6.16. Where present, this was generally confined to a region below a
magnitude o f measured strain o f 0.0005, although in some specimens this was greater.
This was thought to be an artefact o f the test method resulting from the fact that the
specimens were loaded using plattens without the use of a hemispherical block fitting.
Such a fitting would have enabled one platten to move slightly so that the specimen
was in full contact with the plattens at the start of the test, ensuring that one side of
the specimen was not loaded more than the other as a result of either platten
misalignment or a specimen machining error (i.e. specimens machined such that their
top and bottom load faces are not perfectly parallel). If the specimen had such a
machining error, then depending upon the orientation of this error in relation to the
side of the specimen that the strain gage was attached to, the strain gage would read a
higher, lower or zero strain until the specimen was sufficiently compressed that all of
the load face was actually loaded, after which this effect would reduce. This view was
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supported by examination of the measurements made on specimen machining
misalignment in Section 6.4.3, which were used to reject the specimens with the worst
machining error. This showed that deviation from linearity at the start of the
compressive stress-strain curves was greater the less parallel the load faces of the
specimen were. The platten misalignment was much less than the deviation from
parallelism generally seen in the load faces.
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Examples of non-linearity at ‘toe’ of compressive stress-strain curves.

As was the case in some tensile specimens, the stress-strain curves were not continued
past the failure point for the same reasons. Additionally, in the case of the
compressive specimens, many of the measured failure strains are lower than the true
failure strain. This is because in some specimens that exhibited the splitting type
failure mode (Section 6.1.3), delamination of layers often relieved the surface to
which the strain gage was bonded of strain before the rest of the specimen failed.
Consequently the surface layer was no longer attached to the rest of the specimen and
could either buckle or be ejected from it. The measured compressive failure strains,
which are summarised in Table 6.3 in Section 6.3.4 should therefore be considered
less reliable than the failure stresses summarised in Section 6.5
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6.3.3

Stress-strain response of shear test specimens

Figures 6.17 and 6.18 show the shear stress-strain response for the in-plane and
through-thickness shear specimens respectively.
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Typical stress strain plots for in-plane shear specimens (these are all to

the same scale as one another).

There are few deviations from linearity near the origin for the shear stress-strain
curves. However, a prominent feature is that the slope decreases with increasing load
to a greater degree than either the tensile or compressive specimens. While this
appears to be more prevalent in the through-thickness specimens (Figure 6.18), these
also have higher failure strains, except in Orientations 31 and 32 (Figure 6.18 (e) &
(f)) where failure occurs before significant non-linearity is manifested.
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Determination of elastic moduli

The method o f modulus determination is described in this section rather than with the
experimental methods (Chapter 5) because the non-linear nature of the stress-strain
plots (Section 6.3.1-6.3.3) necessitated a choice of modulus determination method.
The non-linear nature of the stress-strain plots meant that the gradient could not
simply be measured and quoted as the elastic modulus, instead careful consideration
was required in selecting a suitable modulus determination method. At this point it is
important to bear in mind that a primary reason behind conducting the tests was to
provide data for use in a finite element model. Although non-linear elastic behaviour
can be modelled with the ANSYS software by supplying a stress-strain curve in the
form o f a table o f points along that curve, the software only gives the option to do this
for an isotropic material and it is not possible to do this using layered elements.
Another consideration was that even if this option were available, the quantification of
this non-linearity for each type o f test specimen would have presented considerable
difficulties because o f the need to average data from different test specimens. For
these reasons it was clear that in the cases where non-linear behaviour was exhibited,
some sort o f approximation to linear behaviour was the only practical solution.

Since stress-strain behaviour such as this is not unusual, especially for composite
materials, the standards used generally advise as to how best to proceed. However,
this advice differed between the three relevant standards. The tensile standard ASTM
C l 275

specified (section 10.8 of the standard) that the modulus of elasticity should

be calculated as the slope of the stress-strain curve within the linear region and that
the modulus o f elasticity may not be defined for materials that exhibit entirely non
linear stress-strain behaviour. Exactly how the linear region could be determined was
not specified. The compressive standard BSIDD ENV 658-2

recommended (page 5

o f the standard) that the elastic modulus be calculated where the material has a linear
behaviour at the origin, but that if this is not the case the ‘proportionality ratio’ or
pseudo-elastic modulus be calculated, defined between two points measured from the
linear part of the curve. Again, the exact method by which the linear region should be
determined was not specified. The shear standard ASTM D 5379

recommended

(section 12.3.1 o f the standard) that a shear chord modulus of elasticity be calculated
in a 4000 ± 200 jie strain range, with the lowest strain point of this range between
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1500 to 2500 fie where possible. This avoids the necessity of determining the exact
linear region whilst allowing for the case where there is no linear region. However,
section 12.3.2 o f this standard stated that other definitions of elastic shear modulus
may be evaluated and reported at the discretion of the user. Savage

notes that where

non-linear stress-strain behaviour is experienced in carbon-carbon composites, a
secant modulus can be calculated at a spot value of longitudinal strain.

As noted earlier in this section, the standards did not specify how the exact linear
region should be determined. Test machines more modem than the ones used in this
study often incorporate software that determines the location of the linear region using
a built in algorithm; the software also calculates modulus automatically. Since this
software was not available, the differentiation of the curves to find the linear portion
using the Microcal Origin program was considered. However, this was rejected since
plotting the gradient o f a curve typically results in a curve that is noisier than the
original. This fact coupled with the observation that the gradient appeared to change
gradually rather than abruptly meant that any estimation of where the linear region
ended would have been one based on a subjective judgement. Furthermore, neither the
use o f specialised test machine software nor differentiation of the curve would have
been useful where there was no linear region and the gradient of the curve smoothly
changed over its length. An additional point was that this approach would also have
resulted in moduli calculated over different strain regions being averaged together and
/ or compared with one another.

Hence it was decided that the most feasible and practical method was to take a
suitable portion o f the curve, the same for all specimens, between two predetermined
strain points and use a linear approximation to this. Taking only a portion o f the curve
was necessary because if a linear approximation was to be made to the whole curve,
the variation in failure strains both within and between sets of the same type of
specimen would have resulted in different strain ranges over which the modulus was
determined. In cases where the curve was non-linear, this would have led to a nonvalid comparison between moduli from individual specimens because in the
specimens with the highest failure strains, the effect of the non-linearity upon the
linear approximation to the modulus would be more pronounced than in those that
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failed at a lower strain. This is because the curves generally exhibited reducing
gradient with increasing stress and strain. So, for example, if using a linear
approximation to the whole curve, a specimen that broke at a higher than average
strain would have its modulus underestimated compared to one that broke at a lower
strain. The same argument obviously requires that in order to be able to average the
moduli within a set o f the same type of specimen and make a valid comparison
between the moduli of different types of specimen, the strain region used must be the
same for all o f the specimens from a particular type of test. This is also required in
order to be able to use the elastic properties of DAMZZ material to model DAMZN
and DISC material in a valid manner. Ideally this would also be the same or closely
similar for the different types of test (tensile, compressive and shear).

In selecting this strain range, the main requirements were that its lower point was high
enough to avoid any ‘toe’ region o f the curve and that the top of the range was lower
than the minimum failure strain of most, or ideally all of the specimens. In order to do
this the measured failure strains for the different specimens were first tabulated
(Tables

6

.1-6.3). These were then used in conjunction with examination of typical

stress-strain plots (Sections 6.3.1-6.3.3) to select a suitable range.

Generally, the DISC material specimens exhibited the lowest in-plane failure strains
thus placing an upper limit on the top o f the strain range. This was convenient since in
specimens that exhibited the largest degree of non-linearity, only the portion of the
curve at lower strain was used for modulus determination therefore reducing the effect
of the non-linearity. The lower modulus at higher strains in the DAMZZ Direction 2
specimens was not considered o f importance compared to that at lower strains since
the mechanical properties of DAMZZ are primarily of interest in the estimation of the
properties o f more complex lay-ups of DAM layers, in which, judging by these
experimental results, these higher strains are unlikely to be reached.
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Material and direction

Minimum

Maximum

Average

DISC Direction 1

0 .0 0 1 2

0 .0 0 2 1

0.0016

DAMZN Direction 1

0 .0 0 1 2

0.0030

0 .0 0 2 1

DAMZN Direction 1 (thick)

0.0014

0 .0 0 2 2

0.0018

DAMZZ Direction 1

0 .0 0 2 1

0.0034

0.0027

DAMZZ Direction 2

0.0017

0.0028

0.0023

DAMZZ Direction 2 (thin)

0.0018

0.0042

0.0027

DAMZZ Direction 3

0.0005

0.0018

0 .0 0 1 0

Table 6.1

Measured failure strains of tensile specimens.

Table 6.1 shows the measured failure strains of the tensile specimens. From these a
strain range for modulus determination of 0 .0 0 0 2 -0 . 0 0 1 2 (0 .0 2 -0 . 1 2 %) was selected,
the lower strain point being high enough to avoid the effect of the ‘toe’ region of the
curve and the upper point being the minimum measured failure strain of the DISC
material specimens. The tensile moduli can be regarded as the most accurate out of all
the mechanical tests because, as shown in Section 6.3.1, the stress-strain plots
approximate to linear behaviour and, except for the DAMZZ Direction 2 specimens,
any curvature is extremely slight. Furthermore, the fact that the ‘toe’ region of the
curve is small means that the lower strain point in the range is closer to zero than for
the compressive specimens. Additionally the variation in modulus between the start
and end o f the curve is certainly much less than the modulus variation between
specimens. The DAMZZ Direction 3 specimens, due to their lower measured failure
strains, had their moduli estimated using a lower strain range of 0.0001 to 0.0005 or
0.01 to 0.05 %, which was considered inappropriate for the in-plane specimens. The
likely reason why this failure strain was so low is the absence of any long range fibre
reinforcement in this direction.
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Material and direction

Minimum

Maximum

Average

DISC Direction 1

0.0019

0.0048

0.0033

DAMZN Direction 1

0.0019

0.0073

0.0035

DAMZN Direction 1 (thick)

0.0023

0.0035

0.0027

DAMZZ Direction 1

0.0024

0.0044

0.0032

DAMZZ Direction 2

0.0048

>0.018*

0.0108

DAMZZ Direction 3

>0.018*

>0.018*

>0.018*

* denotes that the maximum strain reading for the equipment used was reached, and the strain could not
be measured past this point.

Table 6.2

Measured failure strains of compressive specimens.

Table 6.2 shows the measured failure strains of the compressive specimens. These are
higher than those o f the tensile specimens, with the DAMZZ Direction 2 and
Direction 3 specimens having higher failure strains than the rest. Although it would
have been preferable to use the same modulus determination region as that used for
the tensile specimens, the greater deviations from linearity in the ‘toe’ region of the
curve described in Section 6.3.2 meant that this was not practical. Instead, a strain
range of the same size, but between 0.0005 and 0.0015 (0.05 and 0.15 %) strain was
used. In isolated cases where the distortion in the ‘toe’ region extended to a measured
strain greater than 0.0005 (0.05 %), a range of 0.0010 to 0.0020 (0.10 to 0.20 %) was
used. Although this might seem arbitrary, given that the distortion was considered to
be an artefact of the test method (Section 6.3.2), it meant that an estimate of the
modulus could be made.

As for the tensile specimens, the estimation of modulus in a region dictated by the
DISC material specimens meant that the effect of the stress-strain plot being non
linear in the DAMZZ Direction 2 specimens was largely negated. This is because the
non-linear behaviour in the DAMZZ Direction 2 specimens becomes most significant
at strains higher than those in the region selected for modulus determination, the
upper bound of which was limited by the failure strain of the DISC material
specimens. Aside from the ‘toe’ region, the rest of the compressive curves (Figure
6.15) were generally less linear than the tensile ones, therefore the compressive
moduli should be viewed as slightly less accurate than their tensile counterparts.
Nevertheless, the difference in gradient between the top and bottom of the modulus
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determination region for individual specimens is less than the difference in modulus
between specimens of the same type. Again, as for the tensile specimens, a separate
strain range was thought more appropriate for the DAMZZ Direction 3 specimens,
except this was larger than that for the others (0.0005 to 0.0055 or 0.05 to 0.55 %).
This was because the low modulus meant that the specimens took longer to strain,
resulting in a low number of data points (roughly ten) in the strain region used for the
other compressive specimens. The DAMZZ Direction 3 specimens exhibited almost
linear stress-strain behaviour even at relatively higher strains compared to the rest of
the specimens, possibly because compressive loading in this direction might
effectively compress only the staple layers.

Material and orientation

Minimum

Maximum

Average

DISC Orientation 12

0 .0 0 2 2

0.0053

0.0040

DISC Orientation 13

0.0150

0.0217

0.0178

DAMZN Orientation 12

0.0064

0.0163

0.0090

DAMZN Orientation 13

0.0158

0 .0 2 2 2

0.0187

DAMZZ Orientation 12

0.0058

0.0089

0.0070

DAMZZ Orientation 13

0.0140

0.0227

0.0189

DAMZZ Orientation 21

0.0034

0.0046

0.0039

DAMZZ Orientation 23

0.0104

0.0146

0 .0 1 2 0

DAMZZ Orientation 31

0.0054

0.0078

0.0063

DAMZZ Orientation 32

0.0047

0 .0 1 0 0

0.0064

Table 6.3

Measured shear failure strains of shear specimens.

Table 6.3 shows the maximum measured strains of the shear specimens. In principle,
the choice of a strain range for the shear specimens should have been straightforward,
since the standard recommends a 4000 ± 200 jie (0.0040 ± 0.0002 or 0.40 ± 0.02 %)
strain range, with the lower strain point in the range 1500 to 2500 fie where possible.
However, since the lowest minimum shear failure strain found in the in-plane disc
material specimens was 2200 /ie (DISC Orientation 12) it was necessary to use a
lower than recommended strain range of 0.0005 to 0.0025. Since none of the curves
was linear but all began at their steepest gradient and exhibited reducing gradients
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throughout loading (Figs. 6.17 and 6.18), an effect most pronounced in the throughthickness shear specimens, the use of this strain range for modulus determination
avoided the influence of the portion of the curve with lower gradient at higher strains.

40

40

y = 14770x + 0 7914
R2 = 0.9958

0.002

0.001

0.001

0.003

Strain

Figure 6.19

0.002

0.003

Strain

Example of modulus determination (Tensile DAMZZ Direction 2).

Elaving chosen appropriate strain ranges, which are summarised in Table 6.4, the
portion of the curve within the strain range was separated from the rest of the curve
for each specimen. A linear least squares approximation was then applied to this
portion using Microsoft Excel because it was straightforward. This was built into the
software used to draw the graphs and gave a measure of linearity ( R 2 values). An
example of this procedure is shown in Figure 6.19.

Specimen Type

Strain range for modulus determination

Tensile (In-plane)

0.0002 to 0.0012 ( 0 . 0 2 to 0.12 % or 200 to 1200j U £ )

Tensile (Direction 3)

0.0001 to 0.0005 (0.01 to 0.05 % or 100 to 500^ie)

Compressive (In-plane)

0.0005 to 0.0015 (0.05 to 0.15 % or 500 to 1500/i£)

Compressive (Direction 3)

0.0005 to 0.0055 (0.05 to 0.55 % or 500 to 5500/Lie)

Shear

0.0005 to 0.0012 (0.05 to 0.25 % or 500 to 2500/ie)

Table 6.4

Summary of strain ranges used for modulus determination.
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Typical transverse strain response of DISC. DAMZN and DAMZZ

material under tensile and compressive loading

Most of the tensile and compressive specimens were fitted with transverse strain
gages in addition to longitudinal ones (Section 6.5.1). The purpose of measuring the
transverse strain o f the material during loading was so that the Poisson’s ratios of the
material in different directions could be calculated using this and the longitudinal
strain. In order to do this it was first required to plot the transverse strain versus the
longitudinal strain for each individual specimen. This enabled the transverse strain
behaviour to be examined to check whether it was linear or not, since if it was non
linear, this implies that Poisson’s ratio changes with increasing longitudinal strain and
therefore a fixed value cannot be quoted. If this non-linearity is extreme then a linear
approximation similar to that used for the elastic moduli (Section 6.3.4) would be of
little use either.

For both the tensile and compressive specimens, when the transverse strain was
plotted versus the longitudinal strain, three main points became apparent: -

1.

The scatter in the behaviour, measured in terms of the variation in the slope
inside the strain region used for modulus calculation in Section 6.3, was much
greater than that in either o f the measurements o f strengths or elastic moduli.

2.

The transverse versus longitudinal strain behaviour was not linear in all cases.

3.

Unusual behaviour was apparent in some cases, specifically affecting the
transverse strain in Direction 3. This was a combination of non-linearity and a
slope that implies a negative Poisson’s ratio.

The first point, while affecting the accuracy to which the results can be quoted, does
not prevent the calculation of Poisson’s ratios from the data. A possible reason for this
variation might be since the transverse strains are smaller than the longitudinal strains,
then they may have been more prone to the effect of the strain measurement
equipment being accurate at smaller strains. However, this really only applies to the
minor Poisson’s ratios (V2 1 , V31 & V32 ), where the transverse strain is many times
smaller than the longitudinal strain rather than about one third of its size.
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Alternatively, if the strain measurement is considered less accurate than the stress
measurement, perhaps due to variability in strain gage bonding, then plotting sets of
strain data together might exacerbate this error.

6.4.1

Tensile loading

Figure 6.20 shows representative examples of transverse versus longitudinal strain
plots for the tensile specimens. The plots were selected as having a slope close to the
average of the set of the same type of relevant specimens and a representative shape.
It should be noted that given the degree of variation between specimens, the plots for
some of the individual specimens were different from these.

0.0015

0.0015 -|

0.0010

0.0010

0.0005

0.0005

£3 vs. £ i

f o r V 13)

0.0000

0 0000
£ 3 VS. £ 1

£2 vs. £1 (for V12)
-0.0005

-0.0005

£2 vs. £1 (f)r V12)

-0.0010 J

-0.0010 J

0.0000

0.0010

0.0020

0.0000

0.0030

Longitudinal strain

0.0010

0.0020

0.0030

Longitudinal strain

(b) DAMZN

(a) DISC material
0.0015

0.0015

0.0010

0.0010
£ 3 VS. £ 1

0.0005

0.0005

0.0000

0 .0 0 0 0

£l vs. £2 (for V21)
-

£2 vs. £1 (for V12)
-0.0005

-

-0.0005

0.0010

0.0000

-

0.0010

0.0020

Longitudinal strain

0.0010

0.0020

0.0030

Longitudinal strain

(c) DAMZZ Direction 1 specimen
Figure 6.20

0.0010

0.0000

0.0030

s. £2 (fo r V

(d) DAMZZ Direction 2 specimen

Typical transverse versus longitudinal strain plots for tensile specimens

(the gradients of each curve were used to calculate the Poisson’s ratio indicated).
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Additionally, there were isolated cases where the plots were significantly different
from those o f the other specimens of the same type, a point that is discussed further
shortly. No plots could be made for the two DAMZZ Direction 3 specimens that were
fitted with transverse strain gages, which were intended to give V31 and V3 2 , because
the transverse strains were too small to measure.

eb
Vab = ——

Equation 17

Poisson’s ratio Vab is defined as shown in Equation 17, where £a is the strain in the
loading direction and

is the strain in the direction normal to the load. This means

that a positive slope, as seen in some of the plots shown in Figure 6.20, implies a
negative Poisson’s ratio. The physical meaning of this is that instead of shrinking in
the direction normal to the load as a tensile load is applied, the material expands in the
direction normal to the load. If the material were loaded in compression and it
exhibited a negative Poisson’s ratio, then it would shrink rather than expand in the
direction normal to the applied load.

O f the tensile specimens, a negative Poisson’s ratio was only observed in the
DAMZN Direction 1 and DAMZZ Direction 1 specimens. As can be seen in Figure
6.20, only the transverse strain in the direction perpendicular to the layers (Direction
3) and therefore the Poisson’s ratio V 13 is affected. Combined with the non-linearity
also seen in the case o f the Direction 3 strain in these plots, the calculation of the
tensile Poisson’s ratio V 13 for DAMZZ and DAMZN may be dubious. Therefore the
numerical values of V13 summarised in Section 6.5.2 should be regarded with caution.
The values of the tensile Poisson’s ratio V12 for all of the materials and V13 for DISC
material only are not affected.

An additional reason for regarding all of the Poisson’s ratio data with caution,
however, is that even among specimens of the same type that generally exhibited the
same behaviour, certain specimens behaved in a manner anomalous to the rest. In
order to describe quantitatively the incidence of this, the strain behaviour seen in the
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transverse versus longitudinal strain plots have been grouped into three general types
and the number of specimens that exhibited each type of behaviour are shown in
Table 6.5. These three types are as follows: -

Type A

A positive Poisson’s ratio, with the transverse versus longitudinal
strain curve very close to linear, for example V12 for the DAMZZ
Direction 1 specimen in Figure 6.20 (c).

Type B

A positive Poisson’s ratio, but with the transverse versus longitudinal
strain curve starting to tend towards negative Poisson’s ratio behaviour
(i.e. changing slope) with increasing longitudinal strain, for example
V23 for the DAMZZ Direction 2 specimen in Figure 6.20 (d).

Type C

A negative Poisson’s ratio, with the slope increasing in magnitude with
increasing longitudinal strain (e.g. V13 , DAMZZ Direction 1 specimen,
Figure 6.20), or a positive Poisson’s ratio near the origin rapidly
becoming a strongly negative Poisson’s ratio with increasing
longitudinal strain (e.g. V13, DAMZN, Figure 6.20 (b)).

Type of specimen

Material

Direction

DISC

1

DAMZN

Total number of
specimens strain
gaged to measure
Poisson’s ratio
type

V12
V13

10
10

3

4

3

V12

10

-

1

5

9
-

-

5

V12

10

10

-

-

V13

10

1

-

VZI

8

8

9
-

-

V23

10

3

7

-

transverse

versus

1
1

DAMZZ

Poisson’s
ratio type

(thick)
1

2

Table 6.5

Proportion

V13

of tensile

specimens

Number of specimens
exhibiting each type of
transverse strain behaviour
Type A Type B Type C
(+ve)
(-ve)
1
9

exhibiting

longitudinal strain behaviour anomalous from that seen in other specimens of the
same type and type of behaviour.
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Compressive loading

Figure 6.21 shows representative transverse versus longitudinal strain plots for the
compressive specimens. It can be seen that these are generally more linear than the
tensile plots, although a similar degree of scatter in the gradients was observed.
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(c) DAMZZ Direction 2 specimen
Figure 6.21

0.000

(b) DAMZZ Direction 1 specimen
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V

-0.016

-0.002

Longitudinal strain

(a) DISC & DAMZN

vs.

-0.003

(d) DAMZZ Direction 3 specimen

Typical transverse versus longitudinal strain plots for compressive

specimens (the gradients of each curve were used to calculate the Poisson’s ratio
indicated). Note that the plots for the DAMZZ Direction 2 and Direction 3 specimens
((c) and (d)) are to a different scale from the other two ((a) and (b)).

These all show positive Poisson’s ratios except part of the plot for Vo in the DAMZZ
Direction 1 compressive specimen (Figure 6.21 (b)). Unlike the tensile specimens that
showed a negative Poisson’s ratio, instead of the Poisson’s ratio becoming more
negative with increasing strain, for the DAMZZ Direction 1 specimen it starts as
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negative in a small region before becoming positive with increasing strain, after which
the strain in the transverse direction returns to zero and then becomes positive. This
behaviour was observed in eight out o f the ten compressive specimens, with positive
V 13 Poisson’s ratio behaviour observed in the other two. It seems unlikely that this is
caused by the specimen machining error that resulted in the ‘toe’ region seen in the
compressive stress-strain curves because this is not seen in any of the other specimens
despite them having comparable machining errors. The possibility therefore exists that
this is a feature o f the material, as was the case in tension, although it should be noted
that unlike the tensile specimens, it is unclear whether there is similar behaviour in
DAMZN or DISC material because strain gages in Direction 3 were not attached to
the DAMZN and DISC material compressive specimens.

6.4.3

Discussion of negative Poisson’s ratios observed in tensile and

compressive specimens

Negative Poisson’s ratio behaviour was found mainly for V13 under tension in
Direction 1 (Table 6.5). A general explanation for negative Poisson’s ratio (Type C)
behaviour is that expansion occurs in the 3 direction in response to a relaxation
process that occurs induced by the tension in the 1 direction. One possibility is
delamination at the continuous fibre-staple layer interfaces. There is evidence for
extensive delamination at these interfaces, at larger failure strains, in Section 6.2.
However, significant delamination would be expected to lead to failure and seems
unlikely to occur well below the failure strain. Another possibility is that the
expansion in Direction 3 resulting from tension in Direction 1 takes place in the staple
material only. This would only be the case if its fibre arrangement were of a type
capable o f producing negative Poisson’s ratio behaviour, specifically a nodule-fibril
microstructure o f ‘re-entrant’, as opposed to ‘open’ geometry such as that described
by Stott, Mitchell, Alderson and Alderson

that expands laterally in tension due to

‘hingeing’ o f the fibrils. Whilst it is possible that the carded ‘felt’ of the staple layer
has similarities with such a microstructure, currently this has not been investigated;
therefore this point should be considered speculative. Alternatively, negative
Poisson’s ratio behaviour could be due to relaxation, for example by microcracking,
o f compressive stresses that were introduced during fabrication, which could
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conceivably lead to a volume increase. The increased slope of the plot of V13 e.g. for
DAMZZ direction 1, Figure 6.20 (c), is consistent with increasing amounts of
delamination (or similar form o f stress relief) with increasing strain. Negative
Poisson’s ratio behaviour was not observed for V12 (Type A behaviour) since both
strains are in the plane of the fibre bundles. Type B behaviour can be explained in the
same way as Type C, except that the amount of stress relief is smaller and insufficient
to overcome the normal (positive) Poisson’s contraction effect, especially at low
strains. The mixed behaviour (Types A, B, C) for some of the V13 data (Table 6.5),
could be due to variations in the local microstructure in the regions where the strain
gages are placed, giving rise to different local responses in the applied stress.

The one example of negative Poisson’s ratio behaviour in compression, Figure 6.21
(b), could be due to local micro buckling of fibres in the vicinity of the strain gages,
where the fibres buckle inwards. This only persists for ~ l/i£ before normal (positive)
Poisson’s ratio behaviour sets in.

It is o f interest to note that composites are one o f several classes of materials that can
exhibit negative Poisson’s ratio behaviour according to Evans and Alderson t9]. These
are known as auxetic materials. Not all composites exhibit such behaviour, with the
presence o f a negative Poisson’s ratio in certain orientations being dependent upon the
specific reinforcement arrangement.

6.4.4

Poisson’s ratio estimation

The Poisson’s ratios were estimated from the plots o f transverse versus longitudinal
strain by using the portion that was inside the (longitudinal) strain range used for
modulus determination (Section 6.3.4, Table 6.4) and estimating the gradient by the
same method. The gradient, with a change of sign, gave the numerical value of the
Poisson’s ratio in question. The numerical values o f the different Poisson’s ratios are
summarised in Section 6.5 along with the rest o f the mechanical test results.
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6.5

M echanical properties

6.5.1

Tensile and compressive strengths and Young’s moduli

Tables 6.6 and 6.7 summarise the strengths and Young’s moduli for the tensile and
compressive specimens respectively. The Young’s moduli were calculated from a
least squares linear fit to the portions of the stress-strain curves described in Section
6.3. The sample sizes were ten test specimens per material and direction, except for
the DAMZN thick specimens (five tensile & four compressive). For reasons discussed
in Section 6.1.1, the tensile strengths should be regarded as conservative estimates.

Material

Direction

Strength

s.d.

/M Pa

/M Pa

s.d. (%)

Modulus s.d.
/ GPa

/G P a

s.d. (%)

DISC

1

57

6

11

34

7

22

DAMZN

1

112

17

15

48

9

19

1 (thick)

93

10

11

48

6

12

1

204

14

7

78

11

14

2

26

5

18

12

2

17

2 (thin)

27

7

25

13

3

22

3

3.4

1.2

34

3.3

0.9

26

DAMZZ

Table 6.6

Material

Tensile strengths and tensile Young’s moduli.

Direction

Strength

s.d.

/M Pa

/M P a

s.d. (%)

Modulus s.d.
/G Pa

/G Pa

s.d. (%)

DISC

1

69

6

9

27

4

13

DAMZN

1

100

6

6

35

11

32

1 (thick)

97

2

2

37

6

18

1

161

13

8

56

6

11

2

44

12

27

9

2

17

3

60

10

16

2.1

0.4

18

DAMZZ

Table 6.7

Compressive strengths and compressive Young’s moduli.
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The average tensile modulus measured on the DAMZN thick specimens (thickness (t)
= 16 mm) is very close to the average tensile modulus measured on the standard
DAMZN specimens (t = 8 mm). This is also the case for the thick and standard
DAMZN compressive specimens and also the standard (t = 8 mm) and thin (t = 4 mm)
DAMZZ Direction 2 tensile specimens. Therefore it can be concluded that the
modulus remains unaffected by a change in thickness of this size, which is roughly
equivalent to the difference in thickness between a test piece and a brake disc. This
may not necessarily be the case for thinner pieces, where slight variations in the
thickness o f layers would be expected to have a larger effect relative to the thickness
of the piece. The average strengths are also very close between the thick and standard
DAMZN compressive specimens and between the standard and thin DAMZZ
Direction 2 tensile specimens. This is less so for the thick and standard DAMZN
tensile specimens, although the sample size of the thick specimens is smaller than the
rest.

Material

Direction

Strength

s.d.

Modulus s.d.

/MPa

/M Pa

/GPa

DAMZN

133

DAMZZ

313

Table 6.8

/G P a

Edgewise flexural strengths and flexural moduli, from Leigh [3], who

referred to DAMZZ Direction 1 as ‘DAMZZ’ and DAMZZ Direction 2 as
‘DAMNN’.

For comparison, the flexural properties of DAMZN and DAMZZ measured by
edgewise flexure are given in Table 6.8. The main advantage of testing in edgewise,
as opposed to flatwise, flexure is that it avoids premature failure by interlaminar
shear, which can occur when testing carbon-carbon composites, even at high span to
depth ratios [10]. Additionally the use of edgewise flexure avoids the potential problem
of there being different layer types with different mechanical properties at the top
surface, bottom surface and centre of the specimen. This is a situation that could result
in error since in a flexural test; material at and close to the top and bottom surfaces

168

Chapter 6

Experimental Results

experiences maximum compressive and tensile stress respectively, while the centre of
the specimen at the neutral axis experiences no stress. As might be expected, the
flexural moduli are roughly half way between the tensile and compressive moduli for
the same material (Table 6 .8 ).

Concerning the relative sizes o f the Young’s moduli between DAMZZ and DAMZN,
it can be seen from Tables

6 .6

and 6.7 that the values of these are very close to those

theoretically expected from a calculation based upon an equal strain assumption.
Taking the in-plane moduli of DAMZZ (E ^ Amz and E ^ 122), as those of individual
layers in DAMZN and assuming these layers to be of equal number and thickness,
then the relationship shown in Equation 18 would be expected, where E ^AMZN is the
in-plane modulus of DAMZN.

.

DAM ZZ

^

^

r DAM ZZ

------= E? amzn

Equation 18

Substituting into this the experimentally measured properties of DAMZZ, it can be
seen that the predicted values are very close to the experimentally measured modulus
o f DAMZN in both the compressive and tensile cases.
Tensile: -

(78 + 12) / 2 = 45 GPa

(measured value = 48 GPa)

Compressive: -

(56 + 9) / 2 = 32.5 GPa

(measured value = 35 GPa)

6.5.2

Tensile and compressive Poisson’s ratios

The tensile and compressive Poisson’s ratios of the materials tested are shown in
Table 6.9. Since the sample sizes (n) vary, these are shown for each type of specimen.
The DAMZN tensile Poisson’s ratio V13 was measured only on the thick specimens
while V12 was measured only on the standard specimens. It can be seen that there is a
lot of variation in these results, with the standard deviations large in comparison with
the average Poisson’s ratios and therefore the percentage standard deviation being
high. This results from variation in the ratio of transverse to longitudinal strain
between specimens and may have been exacerbated by the method of making a linear
approximation to a slightly curved plot. This, plus the less than consistent forms of the

169

Experimental Results

Chapter 6

transverse versus longitudinal strain plots for the tensile specimens and to some extent
the compressive specimens described in Section 6.4, means that these results should
be regarded as less reliable than the strength and modulus results. Additionally, the
unusual negative Poisson’s ratio behaviour observed in some specimens, mainly in
tension and discussed in Section 6.4.3, should be borne in mind.

Compressive

Type of

Type of

Material

Poisson’

Value

s ratio

of V

V12

0.29

0.18

61

10

V13

0.27

0.20

76

10

V12

0.14

0.10

68

10

V13

(-0.38) 0.29

76

5

-

Vl2

0.27

0.06

21

10

0.34

0.10

29

10

V13

(-0.12) 0.28

241

10

(0.18)

0.13

68

10

V21

0.04

0.02

39

8

0.064

0.003

4

2

V23

0.28

0.06

22

10

0.62

0.22

36

10

V31

-

-

-

-

0.018

0.002

11

2

V32

-

-

-

-

0.13

0.03

22

2

DISC

DAMZN

DAMZZ

Table 6.9

Tensile
s.d.

s.d.

n

Value

s.d.

of V

(%)

0.31
-

0.11

s.d.

n

(%)
0.16
0.07

10

51
67

-

10
-

-

Poisson’s ratios measured on the tensile and compressive test

specimens.

Parentheses around the Poisson’s ratio value in Table 6.9 denotes that the gradient of
the graphs varied too much in the modulus determination region for the Poisson’s
ratio to be determined reliably and / or was negative. These values were calculated in
the same way as the rest of the Poisson’s ratios, although the linear approximation is
not accurate. Therefore these values are included for comparative purposes only.
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6.5.3

Shear moduli and shear strengths

Table 6.10 shows the shear strengths and shear moduli measured from the shear
specimens. The shear modulus was calculated from a least squares linear fit in the
region of the shear stress-strain curve described in Section 6.3. Due to the varying
sample sizes (n), these are given in the table. For the strengths, these are reduced from
the intended number where there was a combination of valid and non-valid failure
modes, since only the strengths measured from those with valid mode are included in
the average values. The exception to this is the DAMZZ Orientation 23 specimens
where there were no valid failure modes so the shear strength calculated from these in
the same manner as the other specimens is given.

Material

DISC

DAMZN

DAMZZ

Strength

s.d./

/M Pa

MPa (%)

12

40

4

10

13

12

1

12

34

13

Modulus

s.d./

s.d.

/G Pa

GPa

(%)

10

11

2

22

10

8

10

1.3

0.1

7

10

2

5

10

6.4

0.4

6

10

10

2

18

10

1.4

0.2

11

10

12

41

4

8

5

6.2

0.4

7

10

13

16

3

20

12

2.1

0.6

26

12

21

30

3

9

5

5.8

0.6

10

5

23*

8

1

14

16

1.1

0.1

11

12

31

6

2

38

4

1.2

0.1

9

5

32

4

1

16

3

0.9

0.1

12

5

Orient11

s.d.

n

n

* N on valid failure mode only

Table 6.10

Shear strengths and shear moduli.

Theoretically, Gn = G21, G13 = G31 and G23 = G32 for an orthotropic material, so the
shear modulus was measured in both of each of these orientations for DAMZZ in
order to confirm that this was the case in this material. Similarity would also suggest
that the method worked equally well regardless of which of the two orientations were
used. It can be seen that the shear moduli are very similar between Orientations 12 &
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21 (6.2 vs. 5.8 GPa) and Orientations 23 & 32 (1.1 vs. 0.9 GPa). Additionally the
shear moduli of DAMZZ in Orientations 12 and 21 (6.2 and 5.8 GPa respectively) are
close to the value for DAMZN in Orientation 12 (6.4 GPa), as expected since this
material consists of equal numbers of alternating 0-90° layers with identical in-plane
shear moduli in orientations at 90° to one another (i.e. DAMZZ G12 and G21). The
shear moduli measured in Orientations 13 & 31 are not close to one another (2.1 vs.
1.2 GPa), even when the standard deviations are taken into account (( Gn — 1 s.d.) >
(G 31 + 1 s.d.)). However, this discrepancy might be explained by looking at the shear
modulus plotted versus density for the individual specimens (Figure 6.29, Section
6.6.3). It can be seen that the DAMZZ Orientation 31 specimens, o f which there are
only five, are all clustered near the lower end o f the density range (< 1.752 g cm'3),
while there are only two Orientation 13 specimens in this range. The rest are at higher
-3

densities, up to 2.054 g c m ' , and appear to follow a trend of increasing shear modulus
with increasing density. The shear modulus G13 more than doubles between the
lowest and highest density specimens. In fact, the Orientation 31 specimens also
appear to follow this trend if both the Orientation 13 and 31 specimens are considered
together. The resulting increase in the average shear modulus arising from this density
related effect therefore explains why the values of G13 and G31 in Table 6.10 differ so
much.

The shear strengths, however, are not expected to be similar between specimens that
were of equivalent orientations for the measurement o f modulus, nor are they as can
be seen from Table 6.10. Again, this is most prominent in the Orientation 13 and 31
specimens (16 vs. 6 MPa) but the discrepancy does not seem to be entirely due to
density differences this time. Although the Orientation 13 strengths increase with
density, as does the modulus, the Orientation 31 shear strengths are lower than those
o f Orientation 13 specimens o f a similar density. This might be because although the
stress state in the gage section should be equivalent for both types of specimen, for the
specimen to fail, several layers have to be broken apart in the case of the Orientation
13 specimens, compared to only one in the Orientation 31 specimens.
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Effects of density on strength and modulus

The density o f a carbon-carbon composite will vary according totheextent to which
the space between the fibres has been filled with matrix. Since this will affect how
well the fibres are held together and be related to how much of the material is
comprised of voids, it is obvious that, over some density range, this will have an
effect on the strength of the material, as mentioned in Section 1.2.6. As can be seen
from the tables of mechanical properties in Section 6.5, there is considerable variation
in the strength and modulus within each set of the same type of specimen. In order to
determine whether this variation was related to the density of each specimen, the
strengths and moduli of each individual specimen were plotted against density, which
had been measured prior to testing (Section 6.4). The effect of density on the strength
and modulus o f the materials tested in the different directions could then be assessed.
This section contains graphs of the strength and the modulus versus the density of the
specimens, with a single point representing each specimen. For the purpose of making
comparisons between the different types of specimen, several types are all plotted on
the same graph where the same scale can be used.

It should be noted that the densities could not be selected in a deliberate manner.
Some sets of the same type o f specimen have a wide density range while in other sets
the specimen densities are clustered together. The effect of this is that a trend can only
be seen if there are specimens within the set over the full range of density and that if
there is a trend, the standard deviation in the average strength and modulus for that set
will be larger because of it. Additionally, if a set of the same type of specimen has
densities clustered at one end of the general density range, then its average strength
and modulus might be slightly higher or lower than if its densities had been spread
across the whole density range, a point that needs to be kept in mind when comparing
the through-thickness (interlaminar) shear properties measured in the different
materials and different orientations.

173

Chapter 6
6.6.1

Experimental Results

Effect of density on tensile strength and modulus

Figure 6.22 shows tensile strength versus density for the different types of specimen
tested. Since the vast majority of the tensile specimens exhibited non-valid failure
modes resulting in the measured tensile strengths being conservative estimates o f the
true tensile strength, with only a few failing in a valid manner, no distinction has been
made according to failure mode in this graph. For the DAMZZ Direction 1, 2 and 3
specimens, tensile strength appears to increase with increasing density. However, the
DISC material specimens do not exhibit a wide enough variation in density for any
effect to be seen, if indeed there is one. The strength of the DAMZN specimens does
not appear to be related to density. In order to give a more objective estimate of the
effect of density, the R 2 values from least squares linear fits to the tensile strength
against density and tensile modulus against density plots are shown in Table 6.11.
Also shown are gradient m and intercept c of these lines of least squared linear fit,
whose relation to the line can be seen in Equation 19, where y is the tensile strength
or modulus and x is the density.

y = mx + c

Equation 19

These R 2 values support the view that the tensile strengths are related to specimen
density for DAMZZ Directions 2 and 3 ( R 2 > 0.8), reasonably related for DAMZZ
Direction 1 ( R 2= 0.57) and not related for DAMZN. Although this also implies there
is no relation for DISC material, as noted earlier these do not exhibit a wide enough
variation in density to draw any firm conclusions. For the tensile moduli, plotted
versus density in Figure 6.23, there appears to be a similar relationship as with the
tensile strengths for DAMZZ Directions 2 and 3, except that it is less pronounced,
while for DAMZZ Direction 1 there is no relationship ( R 2 = 0.02). The DAMZN
tensile moduli do not seem to be affected by density either, while for DISC material
the density range is too small.

The likely explanation for these observations is that for DAMZZ Direction 1, strength
and modulus are dominated by the axial strength and stiffness of continuous fibre
layers and therefore density (which affects the staple layers more since they contain
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more voids than the continuous layers) has a small or no effect. For DAMZZ
Directions 2 and 3, strength and modulus are affected by the transverse properties of
the fibres (which are low) and the staple layer properties, which are affected by
density.

Material and direction
DISC
DAMZN 1
DAMZN 1 thick
DAMZN 1 (both types together)
DAMZZ 1
DAMZZ 2
DAMZZ 2 thin
DAMZZ 2 (both types together)
DAMZZ 3
Table 6.11

Strengt i / M P a
m
c
66.1
3.6
110.6
-82.8
163.7
46.5
73.5
58.1
11.1

-59.9
105.1
-121.3
261.6
-100.2
-62.2
-111.3
-83.2
-17.8

R2
0.13
0.00
0.30
0.07
0.57
0.85
0.87
0.79
0.85

Modulus / GPa
m
c
-40.2
-15.8
-7.0
-6.9
25.0
17.8
25.9
21.3
6.9

104.8
77.2
61.3
60.7
31.5
-21.3
-36.0
-27.6
-9.8

R2
0.04
0.01
0.00
0.00
0.02
0.65
0.61
0.59
0.56

Coefficients from least squares linear fits on strength and modulus

versus density plots (Figures 6.22 and 6.23) for tensile specimens.
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Tensile strength versus density.
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Tensile Young’s modulus versus density.
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Effect of density on compressive strength and modulus

A plot of compressive strength versus density is shown in Figure 6.24 and
compressive Young’s modulus versus density in Figure 6.25. As was the case with the
tensile test specimens, the strength appears to be related to the density in the DAMZZ
Direction 2 and 3 specimens. This view is supported by the R 2 values given in Table
6.12. There also seems to be a relationship between strength and density for the DISC
material specimens based on both the plot and the R 2 value. This relationship is not
present for the DAMZN and DAMZZ Direction 1 specimens.

Material and direction
DISC
DAMZN 1
DAMZN 1 thick
DAMZN 1 (both types together)
DAMZZ 1
DAMZZ 2
DAMZZ 3
Table 6.12

Strengt i / MPa
m
c
49.1
23.8
-25.9
22.4
-9.7
93.2
133.5

-18.3
58.1
139.7
60.3
178.4
-129.5
-175.7

R2
0.69
0.18
0.44
0.20
0.00
0.96
0.71

Modulus / GPa
m
c
21.3
39.7
-8.2
22.1
49.2
9.1
2.6

-11.3
-35.4
50.6
-2.8
-30.6
-8.0
-2.6

R2
039
0.16
0.00
0.06
0.24
0.54
0.18

Coefficients from least squares linear fits on strength and modulus

versus density plots (Figures 6.24 and 6.25) for compressive specimens.

The explanation given in Section 6.6.2 for similar observations about the relationships
between the tensile strengths and moduli to specimen density may also apply to these
compressive cases, i.e. that for DAMZZ Direction 1, strength and modulus are
dominated by the axial strength and stiffness of continuous fibre layers and therefore
density has little or no effect. For DAMZZ Directions 2 and 3, strength and modulus
are affected by the transverse properties of the fibres (which are low) and the staple
layer properties, which are affected by density. In compression, the strength of DISC
material also appears to be related to density, probably because the splitting failure
mode observed in these specimens (Figure 6.3) occurs more easily if there are more
voids in the staple layers. In principle this would also be expected to affect the
strength in DAMZZ Direction 1, where some splitting failure modes were observed,
however, the effect of imperfect parallelism of the specimen faces and platten may
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have a greater effect for the stiffer DAMZZ Direction 1 specimens than for the less
stiff DISC material specimens, thereby masking any effect.

For the compressive moduli, the relationship with density is less prominent than with
the compressive strengths, according to the R 2 values there is only a weak
relationship in the for DISC material ( R 2 = 0.39) and a slightly stronger relationship
for DAMZZ Direction 2 ( R 2 = 0.54). The relationship for DAMZZ Direction 2 would
be expected based upon the argument that the modulus would be expected to be
determined by the transverse stiffness of the continuous layers (low) and the stiffness
of the staple layers that should be dependent upon density due to higher density
specimens having fewer voids in the staple material. Surprisingly, there is little
relationship between compressive modulus and density for DAMZZ Direction 3 ( R 2
= 0.18), where the same argument applies. Figure 6.25 shows that these specimens did
not span the entire density range; this makes a relationship more difficult to see.
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Compressive strength versus density.
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Effect of density on shear strength and modulus

In-plane shear strengths and moduli
In-plane shear strength and shear moduli are plotted in Figures 6.26 and 6.27
respectively. From Figure 6.26, it can be seen that the DISC material Orientation 12
specimens are all clustered together in a small range of density and therefore no
relationship between either shear strength or modulus and density can be confirmed or
ruled out. The DAMZN Orientation 12 specimens seem to show increasing shear
strength with density and the R 2 value of 0.67 (Table 6.13) seems to support this
view, although the density range is smaller than for some of the other types of
specimen. This relationship does not seem to be the case for the shear modulus
however, where the individual values for the different DAMZN Orientation 12
specimens are scattered ( R 2 = 0.07).

Material and orientation
DISC 12
DAMZN 12
DAMZZ 12 (valid failure)
DAMZZ 12 (non-valid failure)
DAMZZ 12 (both together)
DAMZZ 21 (valid failure)
DAMZZ 21 (non-valid failure)
DAMZZ 21 (both together)
Table 6.13

Strength / MPa
m
c
44.6
32.7
45.6
39.8
43.9
15.5
42.7
45.5

-42.4
-24.9
-46.9
-37.3
-44.3
0.9
-53.0
-57.6

R2
0.13
0.67
0.91
0.78
0.87
0.08
0.73
0.74

Modulus / GPa
m
c
18.92
2.19
5.99
25.22

-23.93
2.45
-4.17
-37.62

R2
0.06
0.07
0.56
0.39

Coefficients from least squares linear fits on strength and modulus

versus density plots (Figures 6.26 and 6.27) for in-plane shear specimens.

For DAMZZ Orientation 12 and DAMZZ Orientation 21, shear strength increases
with density, with R 2 values o f 0.87 and 0.74 respectively where the results of both
valid and non-valid failure modes are taken together. However, the results of the valid
and non-valid failure modes examined separately also show good correlation with
density (Table 6.13). The low value of R 2 = 0.08 for the DAMZZ Orientation 21
specimens that had valid failure modes is caused by one anomalously high result;
examination of Figure 6.26 reveals that the remaining four strengths by valid failure
modes in this orientation do form a trend with density and also fit well into the trend
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o f strengths by non-valid failure modes in this orientation. These results are
unsurprising since even for a non-valid failure mode, the crack still has to propagate
through the material so the density will affect the non-valid failure strengths. For
DAMZZ Orientation 12, although non-valid failure modes were originally thought to
occur primarily in the lower density specimens (see Section 6.1.3), some higher
density specimens also failed in this way. However, there are no valid failure modes
at the lower densities (Figure 6.26). For DAMZZ Orientation 21 however, it should be
noted that the non-valid failure modes at lower density lacked reinforcement and
therefore it cannot be determined whether their lower density was the cause o f this.
Interestingly, for both DAMZZ Orientation 12 and Orientation 21, the shear strengths
of the specimens with valid failure modes appear to fit into an identical trend at the
higher density end of the graph to the specimens with non-valid failure modes.

Figure 6.27 and Table 6.13 suggest that density has little or no effect on the in-plane
shear moduli, but the small density range of the specimens on which the modulus was
measured makes it difficult to conclude either way. For DISC material and DAMZN
Orientation 12, the R 2 values are very low, 0.06 and 0.07 respectively. For the
DAMZZ Orientation 12 specimens the R 2 value (0.56) is reasonably high although
the results appear scattered. Both the DAMZZ Orientation 21 and Orientation 12
shear modulus measurements are in a much smaller density range than the strength
ones because the reinforced and replacement specimens did not have strain gages
attached and for Orientation 21 strain gages were only attached to five specimens.
Therefore no conclusion can be drawn as to whether density affected the in-plane
shear modulus of any of the materials tested.
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Through-thickness shear strengths and moduli

The through-thickness or interlaminar shear strengths and shear moduli are plotted
versus density in Figures 6.28 and 6.29 respectively. Table 6.14 gives the coefficients
of least squares linear fits on these plots. It is difficult to draw conclusions as to the
effect of density on the through-thickness shear strength of either the DISC material
( R 2 = 0.35) or DAMZN Orientation 13 specimens ( R 2 = 0.31), since the specimens
of both of these fall inside a narrower density range than that of the other types.

Material and orientation
DISC 13
DAMZN 13
DAMZZ 13
DAMZZ 23 (all non-valid)
DAMZZ 31 (valid failure)
DAMZZ 31 (non-valid failure)
DAMZZ 31 (both together)
DAMZZ 32 (valid failure)
DAMZZ 32 (non-valid failure)
DAMZZ 32 (both together)

Table 6.14

Strength / MPa
m
c
16.8
29.1
23.6
16.5
16.3
15.3
15.5
2.8
-12.5
-6.5

-18.5
-41.6
-28.5
-21.3
-23.1
-20.5
-21.1
-0.5
25.6
15.4

R2
0.35
0.31
0.85
0.86
0.74
0.46
0.51
0.11
0.23
0.11

Modulus / GPa
m
c
2.01
3.40
4.15
1.40

-2.33
-4.68
-5.69
-1.39

R2
0.49
0.89
0.89
0.46

-

-

-

-

-

-

0.17

0.96

0.00

-

-

-

-

-

-

2.07

-2.57

0.68

Coefficients from least squares linear fits on strength and modulus

versus density plots (Figures 6.28 and 6.29) for through-thickness specimens.

There is however a very prominent trend ( R 2 = 0.85) in the DAMZZ Orientation 13
specimens, made more visible by the wide density range that they exhibit. Moreover,
this increase in strength is not trivial. They are roughly twice as strong at a density of
2.05 g cm’3 than at 1.65 g cm'3. Although none of the DAMZZ Orientation 23
specimens exhibited a valid failure mode, the shear stress required to initiate failure
by this non-valid mode is correlated to density ( R 2 = 0.86). The strengths o f the
DAMZZ Orientation 31 and Orientation 32 specimens are widely scattered, both
containing a mixture of valid and non-valid failure modes, although there appears to
be some correlation with density for the Orientation 31 specimens.

In Figure 6.29, a similar prominent increase in shear modulus with increasing density
can be seen for the DAMZZ Orientation 13 specimens as was also exhibited for the
shear strengths. Again, the limited density range makes it difficult to draw

184

Experimental Results

Chapter 6

conclusions as to the effect o f density on the through-thickness shear strength of
either DISC material or DAMZN, although since only the DAMZZ Orientation 13
specimens extend into the upper two-fifths of the density range (> 1.9 g cm'3) it can
be speculated that the through-thickness shear moduli of the other materials might
follow this trend at higher density. Although their average densities differ, the moduli
of the DAMZZ Orientation 13 and Orientation 31 shear specimens follow
approximately the same trend (Figure 6.29), as do the DAMZZ Orientation 23 and
Orientation 32 specimens. This is as expected since within each pair the modulus is
being measured on identical material subjected to an identical stress and strain state.
Unlike the equivalent strengths, the number of layers to be broken to cause shear
failure do not affect the shear moduli.
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Shear strength versus density for in-plane shear specimens.
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Shear modulus versus density for in-plane shear specimens.
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Staple and continuous material

Due to the long lead times for production of composites using chemical vapour
infiltration (CVI), at the start of the current work, before the exact details of the
experimental programme had been finalised, some unidirectional continuous material
(CONZZ) was fabricated. Additionally, there existed some unidirectional staple
(STAZZ) material left over from work conducted by Leigh [3]. As an aside to the main
experimental programme, it was intended to conduct a small number of tests using
these materials in order to provide additional information about the mechanical
properties of the staple and continuous layers individually.

After manufacture, it was noticed that the CONZZ material sounded ‘hollow’ when
tapped. This suggested that internal cracking or delamination was present. This was
confirmed when the machining of test specimens from this material was attempted.
Although a small number of compressive test specimens were made successfully, the
majority of attempts resulted in the test piece splitting during machining. An example
of this is shown in Figure 6.30, which shows a partially made shear specimen. For this
reason, the planned tests on CONZZ were abandoned. A set of STAZZ shear
specimens that had already been made was tested.

Figure 6.30

Partially machined CONZZ shear specimens exhibiting splitting.
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The STAZZ shear specimens were of the Orientation 12 type. They were tested in an
identical manner to the other shear specimens (method described in Section 6.6)
except that the strain measuring and data logging equipment used with the strain
gages was a HBM Spider8 unit. Of fifteen specimens, four were fitted with strain
gages and the shear modulus calculated in the same manner as the other shear
specimens. After the samples had been machined, it was noticed that two of them had
been cut wrongly and were of the Orientation 13 type. Neither of these were fitted
with strain gages.

(a) STAZZ Orientation 12
Figure 6.31

(b) STAZZ Orientation 13

Typical shear failure modes of STAZZ material.

0.002

0.004

0.006

0.008

0.01

S h e a r strain

STAZZ Orientation 12
Figure 6.32

Typical shear stress-strain response of STAZZ material.
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Figure 6.31 shows the typical non-valid failure modes of STAZZ Orientation 12 and
13 shear specimens. The typical shear stress-strain response of a STAZZ Orientation
12 specimen is shown in Figure 6.32. Once it had been determined that a non-valid
failure mode occurred after testing one Orientation 12 specimen, a further three
specimens were reinforced in a similar manner to the DAMZZ Orientation 21, 31 and
32 specimens (Section 6.1). However, since this failed to prevent the non-valid failure
mode, the remaining specimens were tested without reinforcement. The failure mode
is similar in appearance to the DAMZZ Orientation 23 specimens, and the failure
appears to have initiated in the same place and progressed into the specimen away
from the gage section. Although in both specimens shown in Figure 6.31, the crack
has passed through the specimen to the edge of the loading region, an area of stress
concentration where non-valid failure cracks can initiate, it was observed during the
tests that the crack did not initiate here. Instead, crack initiation took place at the
notch roots as was observed in the DAMZZ Orientation 23 specimens. The two
Orientation 13 specimens also exhibited a non-valid failure mode, which exhibited
even more similarity to the DAMZZ Orientation 23 specimens. Since the failure
modes of these specimens were non-valid, the results should be used as a guide only.

Material

STAZZ

Table 6.15

Strength

s.d./

/M Pa

MPa (%)

12

33

7

22

13

13

20

2

9

2

Orient11

s.d.

n

Modulus

s.d./

s.d.

/ GPa

GPa

(%)

5.3

0.5

10

-

-

-

n

4
-

Shear strengths and shear moduli of the STAZZ shear specimens.

The shear strength and shear moduli of the STAZZ samples are given in Table 6.15.
Although since there are only two Orientation 13 specimens, the results should be
treated with caution, the strength of these is lower than the Orientation 12 specimens
and the standard deviations do not overlap. This suggests that, although theoretically
the STAZZ material is transversely isotropic and should have the same properties in
Directions 2 and 3 and therefore also in shear Orientations 12 and 13, this is not the
case in reality. The probable reason for this is that since the STAZZ was made by
laying up layers of staple cloth on top of each other, the staple fibres are intertwined
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within these layers but not between them. Therefore the shear strength between these
layers (Orientation 13) is lower than that within them (Orientation 12).

Compared to the other types of shear specimens, the in-plane shear strength of the
STAZZ Orientation 12 specimens (33 MPa, average density 1.85 g cm'3), was
comparable to that of the DAMZZ Orientation 21 specimens (30 MPa, average
density for of specimens with valid failure modes 1.91 g cm'3), which were half made
up from staple layers oriented in the same direction as in the STAZZ Orientation 12
specimens. The shear strengths of the STAZZ Orientation 13 specimens are roughly 4
MPa higher than any of the other through-thickness shear specimens of comparable
density. The shear modulus G 12 for STAZZ (5.3 MPa) is slightly lower than that of
DAMZZ (6.2 MPa). This might be due to the presence of stiffer continuous fibre
layers in the DAMZZ.

Since the density of the STAZZ shear specimens was so uniform (all of the specimens
were in the range 1.81 to 1.88 g cm'3), it was not possible to say how the density
affected the shear strengths or moduli of the STAZZ material.
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Properties o f Composite Materials by the V-Notched Beam Method.
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[3] Leigh B D (1999). Strength Degradation o f Carbon-carbon Composites fo r
Aircraft Brakes, pp. 78-94. PhD thesis, University of Bath, UK.

[4] Gupta V, Anand K, Kryska M (1994). Failure Mechanisms of laminated carboncarbon composites - I. Under uniaxial compression. Acta Metallurgica et Materialia,
42 (3), pp. 781-795.
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CHAPTER 7
FINITE ELEMENT (FE) ANALYSIS METHODS
This chapter describes the method by which the FE analysis was carried out,
describing firstly the general method used before detailing the exact parameters used
for the FE models. Two types o f FE model are described, the results of which are
presented in Chapter 8. The first of these, layered block models, were simple FE
models using the experimentally determined properties of DAMZZ in individual
layers, in order to predict the mechanical properties of DAMZN and DISC material
for comparison with experimental results. The second type, termed disc segment
models, were models o f disc segments that used the experimentally determined
properties o f DISC material throughout the segment. These models had two purposes,
firstly to identify the stress distribution in and around the tenon by means of stress
contour plots and secondly to calculate the strain state at the positions that strain
gages were attached to disc segments that underwent torsion strength tests described
in Chapter 9. Two types of disc segment were modelled, each having the same
dimensions as the tested disc segments. Additionally, two ‘squared’ equivalents of
these were modelled for comparative purposes (geometry shown in Section 7.3.3).

This chapter is arranged into three main sections. The first of these describes the
general method common to both types of model, looking at the sequence of steps
required to conduct a static structural analysis in ANSYS 5.7, followed by a more
specific description of the method used to define the models. The second and third
sections describe the parameters (element type, material properties etc.) used to define
the layered block and disc segment models respectively.
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7.1

The general method for the FE analysis

7.1.1

The steps required to conduct a static structural analysis in ANSYS 5.7

A static structural analysis using the ANSYS 5.7 program can be carried out using
either the solid modelling approach or the direct generation approach [1]. The solid
modelling approach involves the description of the geometric boundaries of the model
followed by the automatic generation of all the nodes and elements. The direct
generation approach involves the direct definition of the nodes and elements of a
model, with the elements being built up to form the geometry. The models described
in this chapter used the solid modelling method. In order to conduct a static structural
analysis using this method, the following sequence of steps must be followed (the
terms in bold are defined below): -

1.

Specification o f the job name, analysis title and preferences.

2.

Definition of element type(s) plus associated KEYOPTs.

3.

Definition of element real constants if required by the defined element
type(s).

4.

Definition o f m aterial properties.

5.

Creation of model geometry.

6.

Definition o f attributes for the model geometry.

7.

Meshing of the model geometry.

8.

Application of loads.

9.

Solution of the model.

The steps given in the above sequence are now explained. The definition of
preferences tells the program the preferred discipline for the analysis, i.e. whether the
problem is structural, thermal, magnetic or electrical. In this case, the analysis is
purely structural. The element type required depends on the discipline and exact
requirements of the problem. Different element types are available for modelling in
each discipline and either 2D or 3D space. The discipline and dimensionality of the
element type determine the degree of freedom set of the element (e.g. linear and
rotational displacements in and about the x , y and z axes for a 3D structural
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element). Specialised element types are available for modelling certain complex or
scenarios, e.g. contact elements to model the interface between two bodies. Upon
definition of the element type, an element type reference number is assigned, so that
more than one element type can be used in the same analysis. Some element types,
including those used in the analysis in this chapter, have additional element options,
called KEYOPTs, which enable different options to be chosen. For example, setting
KEYOPT(2) = 0 for layered element type SOLID191 tells the program that the
element layers will be of constant thickness rather than tapered. Many o f the
KEYOPTs determine the exact format of the results output of the program. The
element real constants are properties that depend on the element type, for example
the number of layers, their orientation and material type for layered element type
SOLED191 (Figure 4.4).

The term m aterial properties can refer to the mechanical, thermal, magnetic or
electrical properties o f the material being modelled. In this analysis the properties
used are mechanical and consist o f Young’s moduli, Poisson’s ratios and shear
moduli. Creation o f model geometry includes the definition of points, lines, areas or
volumes to define the model and the addition to, subtraction from or gluing to one
other of areas and volumes. The gluing together of two separate volumes will bond
them together, but allow each volume to be attributed different material properties.
They will share common nodes along shared boundaries once meshed. In contrast,
when volumes are added they are thereafter treated as a single entity, with no trace of
the original boundary preserved. Once the geometry has been defined, it is then
necessary to define attributes, where the desired element type reference number,
material property set and real constant set are attributed to the relevant volumes.

The meshing of the model results in the breaking down of the model into separate
elements. This is performed by the program, with some user intervention, such as the
choosing the number o f elements along a certain edge of the model, the mesh size and
mesh type (mesh type determines the general shape of the elements, which is often
tetrahedral). When using layered elements such as SOLID191, special care must be
taken when meshing in order that the layers are properly oriented. The application of
loads, in the context o f ANSYS 5.7, refers to the application of all boundary
conditions, as well as forces. Boundary conditions are comprised of constraints on
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degrees of freedom (e.g. displacement set to zero and symmetry constraints), forces,
surface loads, body loads and inertia loads. When conducting a static structural
analysis using ANSYS 5.7, it is important that the model be sufficiently constrained.
If forces are applied to the model in the absence of symmetry or displacement
constraints, the model cannot produce a solution. Therefore it is usual to apply
symmetry or displacement constraints to the model before forces are applied.

ANSYS 5.7 allows steps 1 to 9, described at the start of this section, to be carried out
in two ways, either using a graphical user interface (GUI), or a command line
interface. Use of the GUI is advantageous when learning to use the program, for
commands that are used only once and when it is necessary to pick nodes, areas or
volumes graphically. Graphical picking is especially useful since it allows the
selection of nodes, areas or volumes by point and click rather than specifying their
individual reference numbers, which are prone to change as a result of the subtraction,
addition or gluing of different areas or volumes. Apart from these scenarios, use o f the
command line interface is preferable, especially for data entered prior to the meshing
and loading o f the model, for example the definition of material properties and real
constants and the building of model geometry (apart from Boolean operations on the
geometry). This is because once the commands are familiar, it is quicker to use the
command line interface to define most of the model.

7.1.2

The method used to define models described in this chapter

The nature of the models necessitated a combination of command line and GUI use.
Since the element types, element real constants, material properties and model
geometry were common to more than one of the models, while at the same time some
experimentation with the exact loading method was required, a number of command
line macros were written. These macros defined the elements, material properties and
real constants, built the model geometry and assigned the material properties and real
constant set to the appropriate volumes. In the case of the layered block model, these
separate volumes represented the individual layers. For the layered block model these
macros were essentially the same except for minor adjustments that were made for the
different layering arrangements and whether the tensile or compressive material
property set was required. Use of these macros enabled experimentation with the
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meshing and loading o f the models without having to define the rest of the model
each time this was done, thereby saving time and reducing the possibility for errors.
Two examples of these macros are contained in Appendix A for reference, along with
a description o f how to execute them. These two examples are a layered block model
with layers arranged in the DISC material lay-up and a model of the small disc
segment.

7.2

Layered block models

The layered block models used the experimentally measured properties o f DAMZZ
(Section 6.5) in individual layers in order to predict the mechanical properties of
DAMZN and DISC material for comparison with experimental results. Appropriate
material properties were used depending on whether the model was loaded in tension
or compression. The basic layered block model consisted of a 10 mm cube comprising
ten 1 mm thick layers, with each layer represented by separate glued volumes. The
material properties in these layers were oriented so as to represent the lay-up of either
DAMZN or DISC material. In order to load these blocks in tension, compression or
shear, boundary conditions were chosen consisting of displacement constraints plus
either pressures on faces or forces on nodes, which were aligned with the appropriate
orthogonal faces o f the block. The coupling of nodes was also used, which is a
process whereby the nodes in a particular area maintain the same displacement.

As part of the FE analysis different boundary conditions were applied in order to find
a loading condition that produced the correct displacement of the model in the three
stress states, tension, compression and shear (Section 7.2.4). As part of this work a
simple block model was made with dimensions identical to the layered blocks but
with no layers and isotropic or orthotropic material properties. Sections 7.2.1 to 7.2.3
describe the element type, material properties and geometry used for the simple block
model in addition to the layered block model, while Section 7.2.4 describes all of the
loading methods applied.
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Element type used for the layered block models

The element type used for the layered block model was the 20 node layered brick
element SOLID191 (Figure 4.3). SOLID191 is a brick shaped structural element with
nodes at each comer and at the mid points of its edges that incorporates layers whose
orientation / angle are defined by a real constant set. Since the layers were defined by
separate glued volumes it would have been possible to use non-layered brick
elements, such as SOLID95 (Figure 4.3). However, using layered elements was
preferable because it allowed the clear definition of layer orientations without
complication. This was achieved by attributing to each of the volumes a separate real
constant set containing the required layer orientation as an angle in degrees. For the
simple block model, the 20-node brick element SOLID95 was used since there were
no layers and the mechanical properties were isotropic, therefore requiring no
orientation to be specified.

Table 7.1 shows the element options (KEYOPTs) and real constants required by the
element type SOLID191, with the values they were set to for use in the layered block
model and the meaning of the values used. The real constant THETA is of primary
importance for the layered block model, since it defines the orientation of the layers.
The layering arrangement used for the layered block model is shown in Table 7.2.
Table 7.3 shows similar information for the SOLID95 element used in the simple
block model. The function of element options and real constants is explained in
Section 7.1.1.
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Label

Value

Meaning of value

The maximum number of layers used by the element type
for storage in the output files. The real constant NL must
be less than or equal to this maximum number of layers.
K2
0
Constant thickness layer input
K3
0
Use material properties as given in command defining
material properties
K4
No user subroutines to define element coordinate system
0
K5
1
Print average results at layer middle
K7
0
Basic element printout to output files
K8
1
Store data for all layers in output files
K10
0
Print summary of the maximum of all failure criteria
NL
1
Number of layers per element
Real
LSYM
Layer symmetry key
0
constants *
LP1
First layer for output
0
LP2
0
Second layer for output
MAT
1
Material property set number (corresponds to DAMZZ)
THETA
0-360
Angle of layer in degrees
TK
0.001
Thickness of layer in metres
* A separate real constant set was defined for each layer, between which only the layer angles
(THETA) were different (these are show in Table 7.2)
Element
options
(KEYOPTs)

K1

Table 7.1

16 (default)

Values entered for the KEYOPTs and real constants required by the

element type SOLID191 used in the layered block model.

Layer number

1

2

3

4

5

6

7

8

9

10

Layer angle (DAMZN)

0

90

0

90

0

90

0

90

0

90

Layer angle (DISC material)

0

90

35

125 70

195

140 230

Table 7.2

160 105

Layer orientations used for each layer in the layered block models

(layer angles in degrees).

Type
input

of

Element
options
(KEYOPTs)
Real
constants

Table 7.3

Label

Value

Meaning of value

(default)
K1
0
Basic element printout
K5
0
K6
0
Basic element printout
K9
0
No user subroutine to provide initial stress (default)
K ll
No reduced integration (default)
0
No real constants required for element type SOLID 95 when KEYOPT (1) = 0

Values entered for the KEYOPTs and Real Constants required by the

element type SOLID95 used in the simple block model.
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M aterial properties used for the layered block models

Two material property sets were required for the layered block models (DAMZZ
tensile and compressive) and one for the simple block model, each shown in Table
7.4. The tensile and compressive sets, for use in the layered block models and the
orthotropic simple block model, were compiled from the experimentally determined
DAMZZ elastic properties summarised in Section 6.5. The isotropic set, for use in the
isotropic simple block model, was chosen so that the shear modulus was identical in
value to the in-plane shear modulus used in the layered block models. This was done
by assuming the Poisson’s ratio v to be 0.3 and calculating the Young’s modulus E
in order that the shear modulus G be 6.2 GPa, using Equation 20.

Equation 20

^ = 2(l + v)

It should be noted that all the Poisson’s ratios were entered as 0.3, which is also the
ANSYS default value. This was done because as discussed in Sections 6.4 and 6.5.2,
the measured transverse strains exhibited non-linearity and for the tensile specimens a
combination of different types of transverse strain behaviour were found even within
sets of the same specimen type, making it impossible to calculate a reliable Poisson
ratio. ANSYS 5.7 has no standard system of units, which requires that all properties
and dimensions be entered into the program as numbers that use the same system of
units. Hence for example 1 GPa was entered as 1 x 109 when using SI units.

Property

ANSYS
Label

DAMZZ
Tensile Set

Young’s modulus, Direction 1 (Ei)
Young’s modulus, Direction 2 (E2)
Young’s modulus, Direction 3 (E3)
Poisson ratio 12 (vJ2)
Poisson ratio 23 (v23)
Poisson ratio 13 (Vi3)
Shear modulus Orientation 12 (G]2)
Shear modulus Orientation 23 (G23)
Shear modulus Orientation 13 (G]3)

EX
EY
EZ
PRXY
PRYZ
PRXZ
GXY
GYZ
GXZ

78 x 109
12 x 109
3.3 x 10*
0.3
0.3
0.3
6.2 x 10*
1.1 x 10"
2.1 x 109

Table 7.4

DAMZZ
Compressive
Set
56 x 109
9 x 109
2.1 x 109
0.3
0.3
0.3
6.2 x 109
1.1 x 109
2.1 x 109

Elastic property sets used for layered block models.
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Geometry and mesh of the layered block models

10 mm,
10 elements

Layers ^
(DAMZN
or DISC
material
lay-up)

A

/

10 mm,
20 elements

10 mm, 10 elements

(a) Block geometry
Figure 7.1

(b) Block mesh

Layered block geometry (a) and mesh (b).

The geometry and mesh used for the layered block models is shown in Figure 7.1.
The block is a cube of edge length 10 mm with layers 1 mm thick normal to the z direction. Following the definition of the layers as separate volumes and their gluing
together, material properties, the appropriate orientation was attributed to each layer
by means of the real constant set. The model was then meshed using the GUI based
‘meshtoof, which enabled the selection of the number of element divisions along
three lines forming the edges of the block in the jc, y and z directions. The mesh
size chosen was

10

elements per edge length in the x and y directions, however

2 0

elements (2 per layer) were used in the through-thickness ( z ) direction (Figure 7.1
(b)). The increased number of elements in the z direction was a result of the layers in
this model being defined by glued volumes. A mapped rather than a free mesh type
(explained in Section 3.1.4) was used to ensure the elements maintained a consistent
size in each direction and to ensure that the element material properties were properly
aligned with the layers.
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7.2.4

Loads applied to the layered block models

As mentioned in Section 7.2, a number of different loading methods were examined
in order to replicate the required strain states under pure tension, compression or
shear. This section first describes the positions of the load faces and the displacement
constraints. Although these were different for models loaded in tension or
compression to those loaded in shear, these displacement constraints v/ere common to
all the models regardless of exact loading method. The different forces and coupling
constraints applied are then described.

ux =o

uz =o

uz =o

(on plane)

UX= UY = 0
(on plane)

UY = 0

(b) Shear model

(a) Tensile & compressive model
Figure 7.2

Positions of co-ordinate axes and load faces on layered block models.

Figure 7.2 shows the positions of the co-ordinate axes and load faces with respect to
geometry for the tensile and compressive models (Figure 7.2 (a)) and for the shear
models (Figure 7.2 (b)). The load faces are the faces to which forces were later
applied. When it was required to apply any type of constraint and boundary conditions
to all nodes in the same plane, for example the shaded regions in Figure 7.2 (a), nodes
were selected all at once using the box function on the visual picker. The
displacement constraints shown in Table 7.5 were applied to all nodes on the stated
co-ordinate axes or planes.

The labels U X , UY and UZ are used by the ANSYS program to denote
displacements in the x , y and z directions respectively. By assigning specific nodes
with zero displacement these were effectively constrained. For the tensile and
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compressive models, it was necessary to apply displacement constraints in the y and
z directions i.e. UY = 0 and UZ = 0 to ensure that the model was sufficiently
constrained, even though no force was being applied in these directions. However, by
applying these to nodes on the z and y axes respectively rather than nodes in the x z and x - y planes respectively, the constraint requirement was met whilst leaving
the model as free as possible to exhibit any distortion that might result from the
layering.

Nodes that displacement
constraints were applied to
Nodes in plane x = 0
(Shaded blue in
Figure 7.2)
Nodes on line x - z = 0
(Bold blue in Figure 7.2)
Nodes on line x - y - 0
(Bold blue in Figure 7.2)
Table 7.5

Type o f loading applied to layered block model
Tensile and compressive
Shear
Zero displacement in
Zero displacement in
x -direction ( UX = 0 )
x and y directions
(LOT = 0, UY = 0)
Zero displacement in
Zero displacement in
z -direction (UZ = 0)
z -direction (UZ = 0 )
“
Zero displacement in
y -direction ( UY = 0)

Locations o f displacement constraints applied to layered block models.

For example, if a tensile force F is applied to the block face shown in Figure 7.2 (a),
the block must be constrained on the side face of the block that lies in the plane x = 0
(i.e. the y - z plane) to develop a tensile stress and to avoid displacement of the entire
block in the x -direction. In addition, to avoid displacement of the entire block in the
z -direction, all the nodes on the edge that lies on the line described by x = z = 0 (i.e.
the y -axis) must be constrained in the z -direction. Similarly, to avoid displacement
o f the block in the y -direction, all the nodes on the edge that lies on the line
described by x = y = 0 (i.e. the z -axis) must be constrained in the y -direction.

For pure shear, if the opposite shear forces are applied as in Figure 7.2 (b), then the
central y - z plane must experience no displacement in the x and y directions and
therefore the nodes on this plane are constrained in terms of x and y displacement.
To avoid displacement of the block in the z -direction, nodes on the line x - z - 0
(the y -axis) are constrained to zero z -displacement.
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Loading type
Tensile & compressive
(loaded in x-direction)

Shear
(loaded in y-direction)

Table 7.6

Loading method
Pressure on load face.
Force on nodes (in x -direction) on load face.
Force on nodes (in x -direction) on load face, nodes on load
face coupled in x -direction.
Force on nodes (in y -direction) on load faces.
Force on nodes (in y-direction) on load faces, nodes on
load faces coupled in x and y directions.
Force on nodes (in y -direction) on load faces, nodes within
each y - z plane of nodes coupled to one another separately
in x and y directions, including those on load faces.

Descriptions o f pressure, force and coupling constraints applied to

layered block models.

The different pressure, force and coupling constraints that were applied separately to
each o f the layered block models are shown in Table 7.6 next to the type of loading
(tensile, compressive or shear) that was required. The exact loading methods for the
shear loading o f the block were validated on the simple block model described in
Section 7.2 prior to being used on the layered block models. When nodes are coupled,
they are effectively constrained to the same displacement as one another in the
direction that they are coupled in. Since they are a single entity, the entire force can be
applied to a ‘master’ node. Although this node is in the comer of the load face, the
force is effectively evenly spread over the load face, so distortion does not occur. This
simplifies loading since once the nodes have been coupled, only the master node need
be selected and the force applied.

A stress of 10 MPa was chosen to apply to all of the layered block models, equivalent
to a force o f 1 kN evenly distributed over the 1 cm face of the block. When the
loading method ‘force on nodes’ was used, the load required on each node was given
by the total force divided by the number of nodes on the load face. Two load faces
were used to simulate the shear loading condition. Forces of equal magnitude (1 kN)
but of opposite direction were applied parallel to opposite faces of the block in the
positive and negative y directions. Since the elements chosen follow linear elastic
behaviour the actual size of the stress applied is of little importance, hence the
selection of a simple magnitude of force.
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7.2.5 Acquisition of results from the layered block models

Displaying the results graphically as a stress or strain plot was insufficient to acquire
the Young’s modulus or shear modulus predicted by the model. Instead, the average
displacement of the nodes on the load faces was required. The displacements required
were x -direction nodal displacement UX for the tensile and compressive models and
y -direction nodal displacement UY for the shear models. This data was acquired by
first selecting all o f the nodes on the load face using the box function on the visual
picker following orientation of the model into an appropriate position. The required
displacements for these nodes were then listed in numerical form into a log file (a data
file), which could be read using Microsoft Excel and the average displacement of the
face in the loading direction (UX or UY for tensile / compressive and shear models
respectively) was calculated. Since these corresponded to the change in length A/ due
to the applied stress <7or shear stress r, they could be used to calculate the strain e or
shear strain /giv en the original length / (0.01 m). Therefore the Young’s modulus E
or shear modulus G predicted by the model could be calculated using this and the
applied normal or shearing force F (1 kN) as follows: -

To calculate the Young’s modulus E , the equations A/ = U X , e = A/// and
o = F / A = F / l 2 were substituted into the equation E = a /e to give Equation 21.

E =- =
IUX

Equation 21

To calculate the shear modulus G , the equations A/ = 2U Y , / = A ///, tan / * / for
small / and r - F / A = F / l 2 were substituted into the equation G = r / / to give
Equation 22.

Equation 22
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For clarity, Figure 7.3 shows the physical meanings of some of the terms used in these
equations. The outlines of the blocks prior to loading are shown in black dotted lines.

<-

Al = UX

(b) Shear model

(a) Tensile & compressive model
Figure 7.3

Outlines of blocks before and after loading showing the original

lengths / and changes in length A/ for tensile / compressive model (a) and shear
model (b).

In addition to these numerical results, contour plots of stress, strain and displacement
were also plotted. The purpose of this was to check both that the layering arrangement
was correct, evidenced by different stresses in each layer and also to check that the
sample underwent pure tensile, compressive or shear displacement i.e. the correct
boundary conditions were applied.
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Disc segment models

The purpose o f the disc segment models was to enable comparisons to be made
between the FE model and the disc segments subjected to torsion strength tests in
Chapter 9. Therefore the first two types of disc segment model were of identical
geometry to the disc segments tested. Since a small disc segment and a large disc
segment were tested, a model was made of each of these. These are termed the ‘small
disc segment’ and Targe disc segment’ models. In addition to these, versions of these
segments that had been ‘straightened out’ were also made. These models were made
in order to investigate the similarities between this geometry and the standard disc
segment geometry. This is because such a simplified geometry would be easily tested
in a standard compressive test machine and might therefore enable experiments on
tenon design without the need to use the cumbersome machinery required for the
torsion strength tests. For simplicity, these straightened disc segment models are
referred to as squared disc segment models.

Each o f these four models was solved twice using two different types of displacement
constraints. The first o f these constrained to zero displacement the ends of the bolts
that held the disc segment, while the second constrained to zero displacement the
swept areas o f the disc segment. The reason that these two methods were used was
that it was unclear exactly how much constraint the disc segments tested in Chapter 9
experienced. Since they were bolted between two dummy rotors, there would be a
definite constraint from the bolts and a likely partial constraint, of an unknown
degree, on the swept areas of the disc segment, which were the areas in contact with
the dummy rotors. Therefore constraints of zero displacement on the ends of the bolts
and zero displacement on the swept areas were used as two extreme cases. These
constraint methods are described further in Section 7.3.4.
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Element type used for the disc segment models

Since the disc segment models did not use individual layers, it was unnecessary to use
layered elements. The element type used was the 20-node brick element SOLID95
(Figure 4.3). The element options used were the same as those used with the
SOLID95 element in the simple block model shown in Table 7.3, Section 7.2.1.

7.3.2

M aterial properties used for the disc segment models

The material properties used for the disc segment model were those of the DISC
material and were obtained from the experimental results given in Section 6.5. As was
the case for the DAMZZ properties, separate tensile and compressive sets were
compiled since ANSYS 5.7 does not allow different tensile and compressive Young’s
moduli to be entered. Since no tests were conducted in material direction 3 on DISC
material, the Young’s moduli measured in material direction 3 of DAMZZ were used.
As the only difference between these materials is the arrangement of fibre directions
in different layers, it was expected that the Young’s moduli in material direction 3
would be similar, since there is no fibre reinforcement in this direction and this
property should be largely dependent upon the matrix properties. The material
properties used for the disc segment model are shown in Table 7.7. The DISC
material tensile properties were not used in the models and are shown for comparative
purposes only.

Property

ANSYS
Label

Young’s modulus, Direction 1 (Ei) / Pa
Young’s modulus, Direction 2 (E2) / Pa
Young’s modulus, Direction 3 (E3) / Pa
Poisson ratio 12 (v]2)
Poisson ratio 23 (v23)
Poisson ratio 13 (Vi3)
Shear modulus Orientation 12 (GJ2) / Pa
Shear modulus Orientation 23 (G23) / Pa
Shear modulus Orientation 13 (G)3) / Pa
* Steel properties used for loading bolts

EX
EY
EZ
PRXY
PRYZ
PRXZ
GXY
GYZ
GXZ

Table 7.7

DISC
Material
Tensile Set
34 x 10*
34 x 10*
3.3 x 10*
0.3
0.3
0.3
11 x 10*
1.3 x 10*
1.3x10*

DISC Material
Compressive
Set
27 x 10*
27 x 10*
2.1 x 10*
0.3
0.3
0.3
11x10*
1.3 x 10*
1.3x10*

Elastic properties used for disc segment models.
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Geometry and mesh of the disc segment models

The model geometries used for the small and large disc segment models are identical
to those of the disc segments subjected to mechanical tests in Chapter 9, except that
the groove at the edge o f the swept area was not included in the models. This was
considered an unnecessary complication given that the strain gage was attached to the
side without the groove. The dimensions of the small and large disc segments were
taken from technical drawings of the whole discs provided by Dunlop Aerospace.
They were converted from imperial to metric with all dimensions rounded to the
nearest tenth o f a millimetre except for the thickness, which was rounded to the
nearest millimetre.

The dimensions of the small and large squared segments were chosen so as to be
roughly equivalent in both size and shape to the small and large disc segments, both in
terms of overall size and shape and the size and shape of the tenon region. The
method used to calculate these dimensions is shown in Appendix B.

The geometries used for the small disc segment, large disc segment, small squared
segment and large squared segment models are shown in Figures 7.4 to 7.7
respectively. For the small and large disc segments, the positions of adjacent tenons
machined away following the cutting of the disc segments from a whole disc are
indicated in Figures 7.4 and 7.5 respectively (these are not shaded). For all four
models, the positions of the co-ordinate axes used in the FE models are shown in
green. The small disc segments were 15 mm thick and the large disc segments 18 mm
thick. Note that the squared disc segments (Figures 7.6 and 7.7) are shown to a
different scale to those of standard geometry (Figures 7.4 and 7.5).

Following the definition of these disc segment geometries, the steel loading pins were
defined as cylinders of radii identical to those of the bolt holes and were glued to the
disc segments. Separate material properties were attributed to the disc segments and
the steel loading pins, which are shown in Table 7.7.
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87 40

►X
Iff

Rfrom disc segment

7.20

120

Figure 7.4

Geometry of small disc segment (all dimensions in mm).
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Boll Hole Radius = 6 4>

S e e Detail A

Position of tenon removed/
from disc segm ent

'‘Bolt Hole Circle Radius = 161.8
Detail A

Figure 7.5

Geometry of large disc segment (all dimensions in mm).
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fBoll HoleRadius=6 15

29.70

29.70

7.20

59.40
178.20

29.70

7.20

See Detal A

41.20
48.40

7.20
1.20

Detail A

Figure 7.6

Geometry of small squared disc segment (all dimensions in mm).
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.B olt Hole R adius - 6 4

11.95

35.85

7.90

47.80
143.40

23.90
7.90

See Detail A

16.10

54.05
75.90

R = 6.30
7,90

9.80
Detail A

Figure 7.7

Geometry of large squared disc segment (all dimensions in mm).
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The models were meshed using the GUI based ‘meshtool’ using a ‘tet, free’ mesh type
of size 6, which allowed the elements to conform to the more complex geometry of
the disc segments. In order to achieve a finer mesh and therefore greater accuracy in
the tenon region, the number of element divisions was selected along the edges of the
load face prior to meshing using the meshtool. The load faces of the small disc
segment models were set to have 11 x 15 divisions (1 mm each) and the large disc
segment to have 10 x 17 divisions (roughly 1 mm each). Figure 7.8 shows the mesh
used for the small disc segment. The meshes used for the other disc segment models
were similar to this.

Finer mesh
at tenon
Bolt Hole

Figure 7.8

Mesh used for the small disc segment.
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Loads applied to the disc segment models

Each of the four model geometries shown in Figures 7.4 to 7.7 were solved twice
using two different types of displacement constraints. The rationale for the use of
these two types of constraints is explained at the start of Section 7.3. The first type
constrained the nodes on the steel bolt end faces (Figure 7.9 (a)) such that all degrees
of freedom (DOF) were equal to zero (i.e. no motion of these nodes was possible).
The second type constrained all the nodes on the swept area of the disc segment,
including those on the steel bolt end faces to all DOF = 0 (Figure 7.9 (b)). These two
methods of constraint are referred to in subsequent sections as ‘Constrained by bolts’
and ‘Constrained on swept area’ and are shown in Figure 7.9. The swept area of the
disc segment was defined by using slightly different commands during the building of
the model, so that the part of the disc segment that comprised the tenon was defined
separately from the part between the swept areas. These two volumes, but not their
associated areas, were added together prior to the definition of the finer details by
subtraction of volumes from the main volume. This resulted in the swept area of the
segment being represented by a separate area defined in ANSYS that could then be
selected for the application of the displacement constraint.

Swept area

faces

Tenon region

(a) Constrained by bolts
Figure 7.9

(b) Constrained on swept area

The two methods of constraint used on the disc segment models. The

nodes on the faces indicated in dark blue were constrained to zero displacement.
Equivalent faces on the opposite side of the disc segment (not shown) were also
constrained.
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The positions of the load faces on the tenons are shown in Figure 7.10, which also
shows the locations where the strain was examined in the model. The strain was
acquired with a pathplot command that plots the strain between two defined points on
the model as explained in Section 7.3.5. For all of the disc segment models, a total
compressive force of 5 kN was evenly applied over the load face as a force on nodes
in the y-direction. The nodes on the load face were also coupled in the y-direction, so
the tenon load face experienced a uniform displacement in the loading direction. Since
the nodes were coupled, the entire 5 kN force could be applied to the master node as
was done in some of the layered block models. The magnitude of the load was chosen
so as to correspond roughly with that experienced by the real disc segments tested in
Chapter 9 at one third of their failure load.
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s .g . position
path plot
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Load

►

X

(a) Position of Path 1 and Strain Gage 1

(b) Position of Path 1 and Strain Gage 1
on large disc segment

on small disc segment
s .g . position
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Load
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(c) Position of Path 1 and Strain Gage 1 (d) Position of Path 1 and Strain Gage 1
on small squared disc segment

on large squared disc segment
Path plot in centre
o f fillet curve
— s .g . p osition
(halfw ay through
\
thickn ess)

Load
area

(e) View of load face and position of Path 2 in fillet radius of small disc segment
Figure 7.10

Enlargements of tenon regions showing positions of pathplots and load

faces in the FE models plus positions occupied by strain gages on disc segments
tested in Chapter 9 (positions equivalent to strain gage (s.g.) positions shown on
squared disc segments). All dimensions in mm.
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Acquisition of results from the disc segment models

As was the case with the layered block model, stress or strain contour plots were
insufficient to obtain the required results. For a comparison to be made with the tests
on the real disc segments (Chapter 9) in order to validate the model, exact strain
values were required at the positions on the model corresponding to the positions
where the strain gages were attached to the real disc segments. In order to acquire this
data, pathplots were used. A line between two points in the model, known as a path,
can be defined using the ANSYS program. Once defined, the program can map results
onto the path at several incremental points along it. The program can then plot a
graph, termed a pathplot, of these results along the path for example stress in the x direction versus distance along the length of the path.

Paths were defined on each model in the positions shown in Figure 7.10 so as to pass
through the point equivalent to that occupied by the strain gages on the real disc
segments and positions equivalent to these on the squared disc segments. To ensure
that these were in the correct positions, nodes were pre-positioned prior to meshing at
the points that were to form the ends of the paths. The paths were later defined
between these nodes. The path on the large face of each disc segment was designated
‘Path I ’ and was 25 mm in length with the strain gage position 11 mm along it, as
shown in Figure 7.10 (a)-(d). The path on the fillet radius of each disc segment was
designated ‘Path 2’ and was either 15 mm or 18 mm long for the small and large disc
segments respectively, with the strain gage position half way along it in both cases, as
shown in Figure 7.10 (e). The strain gage on Path 1 was designated ‘Strain Gage 1’
and the strain gage on Path 2 was designated ‘Strain Gage 2’.

The strain data predicted by the model was available for mapping onto the paths in
two forms, either defined in the direction o f the co-ordinate axes ex, £y, £?, e^,
or in principal form
Reference

£ /, e 2

&

£3.

& exz

This is the nomenclature used in the ANSYS Theory

when describing the stress-stain relationships discussed in Section 4.2.1.

The strain gage attached to the large face of each disc segment (Strain Gage 1) was a
three-element rosette that gave the strain as two principal strains whose directions
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were defined by an angle 6P, measured from the rosette element parallel to Path 1.
Therefore, for comparison with the data from Strain Gage 1, the principal strains
predicted by the model in the x - y plane at the position equivalent to that occupied
by Strain Gage 1 are required. However, these are not necessarily equivalent to the
principal strains given by the model. This is because the principal strains given by the
rosette are aligned with the surface, while those given by the model may or may not
be so inclined. Additionally, the direction of the principal strains is not given directly
by the ANSYS program, since this information is contained in the combination of
normal and shear strains aligned with the co-ordinate axes. Therefore, to calculate the
principal strains and their direction for direct comparison with the strain gage, the
strains defined in the direction o f the co-ordinate axes £x, £y & £xy were used to
calculate the principal strain £j &

£2

and their direction 6P in the plane of the disc

segment. These were calculated using Equations 23 and 24 using the values of £x, By &
£xy taken 11 mm along Path 1, i.e. from the position equivalent to Strain Gage 1. The
maximum shear strain £xymax was also calculated using Equation 25. These equations
are derived from Mohr’s circle [3]. It is important to remember that although these two
equations use the same symbol (fxy) for shear strain as the ANSYS program they
differ from it by a factor of two. This is because these equations use the tensorial
shear strain, which is half the value of the shear strain by the engineering definition
that is used by ANSYS, as explained in Section 4.2.1. Therefore the shear strain
output by ANSYS was divided by two before being entered into these equations.

0„ = —arctan
p 2

2e xy
£

V

X

—£

Equation 23
V -

y J

The maximum shear angle, 6S, is given by 0P ± 45°.

+£.

^ 1,2 —

r £

cx -

£

^

Equation 24

+ £ xy
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2 — gl ~^2

e xy max

Equation 25

2

Following calculation of these quantities from the results of the model, the shear
strain

(tensorial definition) was multiplied by two to give the shear strain

(engineering definition). This enabled a direct comparison with the shear strain given
by the strain gage.

The strain gage attached to the tenon fillet curve of each disc segment (Strain Gage 2)
was a two element 0-90° biaxial rosette, oriented such that the first rosette component
measured strain through the thickness of the disc segment (z-direction) and the
second rosette component measured strain in the x - y plane. Therefore the strain
measured by the first rosette component could be compared directly with the strain £z
predicted by the model in the position equivalent to the strain gage position on Path 2.
However, the strain measured by the second rosette component, although in the x - y
plane of the disc could not be compared directly with any of the strains predicted by
the model because it did not measure the strain in the direction o f either the x or y
axes. Therefore it was necessary to calculate the strain predicted by the model in the
direction o f the second rosette component. Since this rosette component was in the x y plane of the disc segment, a two-dimensional plane strain transform was used. This
involved rotating the model strain components predicted so that they were defined in
relation to a new set of axes x f - y \ such that one of these ‘new’ axes, y ' , was
parallel to the surface o f the fillet radius at the strain gage position. The strain e y>
predicted by the model could then be compared with the strain measured by the
second rosette element. In order to do this, the model ex, £y and

strains were

inserted into Equation 26, with 6 = 45°. As was the case for the calculation of the
principal strains predicted by the model in the position of Strain Gage 1, the shear
strain

was divided by two before being entered into this equation.

e +e

£ / = —----/

^

e -e v

— ------ cos 26 - £ sin 26
^

-v

222

Equation 26

Chapter 7

Finite Element Analysis Methods

In addition to obtaining exact FE strain results for comparison with the strain gage
results, stress and strain contour plots of the disc segments were plotted to reveal the
stress and strain distributions in the disc segments and reveal the most highly stressed
parts. These were plotted by the same method as those for the layered block models
(Section 7.2.5).

Chapter 1: Overview o f Model Generation. ANSYS Modelling and Meshing Guide.
000862.2nd Edition. SAS IP, Inc.®
^ Section 2.1: Structural Fundamentals, pages 2-4 & 2-5. ANSYS Theory Reference.
000855. Eighth Edition. SAS IP, Inc.®
” www.efunda.com/formulae/solid mechanics/mat mechanics/calc principal strain.cfm.
Principal strain calculator.
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CHAPTER 8
FINITE ELEMENT ANALYSIS RESULTS
This chapter presents and discusses the results of the finite element models described
in Chapter 7 and is divided into two sections. The first section examines the results of
the layered block models and compares them with the experimentally measured
elastic moduli o f DAMZN and DISC material. This deals firstly with the layered
block models loaded in tension and compression (Section 8.1.1) and secondly with the
layered block models loaded in shear (Section 8.1.2). The second section examines
the results of the disc segment models, presenting firstly the numerical results along
Path 1 and Path 2 (Section 8.2.2, locations of Path 1 and Path 2 are shown in Figure
7.10) and secondly stress and strain contour plots of the disc segments (Section 8.2.2).
The results o f the disc segment models are discussed and compared with one another;
however, unlike the layered block models these are not compared with experimental
results in this chapter. This is left until Chapter 9 on the torsion strength testing of
disc segments.

8.1

Layered block model

The layered block results are comprised of numerical results, in the form of Young’s
moduli and shear moduli predicted by the model for the DAMZN and DISC material
lay-ups and for the simple block model described in Section 7.2, plus contour plot
results showing stress and strain distributions across the models. The Young’s or
shear moduli predicted by the model were calculated from the relevant displacements,
in the x or y directions, at the load face of the solved models as described in Section
7.2.5.
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Layered block models loaded in tension and compression

Table 8.1 shows the tensile and compressive Young’s moduli predicted by the layered
block model, with analytical and experimental values for comparison. The load
methods used are described fully in Section 7.2.4 and summarized in Table 7.5. The
material property sets are shown in Table 7.4. A similar table showing the average
displacements (UX, UY and UZ) on the load face of the model is shown in Appendix
C.

Loading method

Material

Young’s modulus Ei / GPa

Properties 4

FE

Analytical

Experimental

Compressive

28.3

32.5

35 ±11

Compressive

28.3

32.5

35 ±11

Tensile

45.2

45

48 ± 9

Compressive

32.7

32.5

35 ±11

DISC

Tensile

31.0

-

34 ± 7

material

Compressive

24.5

-

27 ± 4

Lay-up

Pressure 1
DAMZN
-------------------- 2—
Force on nodes
DAMZN
Force on coupled

DAMZN

nodes3

1. Pressure on load face.
2. Force on nodes (in X -direction) on load face.
3. Force on nodes (in X -direction) on load face, nodes on load face coupled in x -direction.
4. Material property sets shown in Table 7.4.

Table 8.1

Numerical results from layered block models loaded in tension and

compression (loading was tensile with the tensile material properties set and
compressive with the compressive material properties set). The loading methods are
described in detail in Section 7.2.4.

The first loading method was to apply a pressure to the load face (Table 7.6), which
effectively gave a uniform force over the area of the load face. This was only used to
model the DAMZN lay-up loaded in compression and predicted a lower value of
Young’s modulus than the analytical equation (Table 8.1). This was not expected
since the block geometry, DAMZN lay-up and load method were relatively simple.
However the reasons for this can be explained with reference to the graphical contour
plot shown in Figure 8.1, following a brief explanation of the use of graphical contour
plots to present FE results.
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A graphical contour plot such as that shown in Figure 8.1 is a way of presenting finite
element results so as to show the variations in stress or other results data (e.g. strain,
temperature, electric field) across the object being modelled. The range over which
stress varies across the object is divided into a number of contour bands, each of
which is assigned its own colour. Each part of the object being modelled is then
coloured according to the contour band into which the stress predicted at that point by
the model falls. For example in Figure 8.1 the stress in the x -direction (<7X) is shown
for a layered block loaded in compression in the x -direction. Since this block is
comprised of 0-90° layers of high longitudinal and low transverse stiffness, a
periodicity can be seen in the stress, with the stiffer 0 ° layers experiencing higher
compressive stress (red and orange) than the less stiff 90° layers (blue). Part of the
front of the block appears blue (low stress) since it is a 90° layer.
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-1 0

-5

0

-20

-15

-10

-5

Stress in jc-direction ( ctx) / MPa

Stress in ^-direction (c^) / MPa

(a)

(b)

Figure 8.1

0

DAMZN layered block model loaded in compression by applying a

pressure to the load face, showing (a) difference in stress distribution between load
face and opposite face and (b) close up of top edge of load face showing ‘waviness’.

Returning to the reason why the initial loading method of applying pressure to the
load face predicted a lower value of Young’s modulus than the analytical equation for
the DAMZN lay-up model loaded in compression (Table 8.1), it can be seen in Figure
8.1 (a), which shows the DAMZN model loaded in this manner, that the jc-direction
stresses differ between the load face and the face opposite to the load face.
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Examination of an enlarged version (Figure 8.1 (b)) of the same contour plot revealed
that the load face appeared ‘wavy’. This can be explained by areas on the load face
adjacent to the low stiffness orientation layers (90°) being displaced more than areas
adjacent to the high stiffness orientation layers (0°), thus creating ‘valleys’ and
‘ridges’ o f unequal displacement. Additionally it can be seen that the stress
distribution inside the block adjacent to the load face was not representative of that in
the rest o f the block. This end effect appeared to be due to the loading method and
was not apparent at the other end of the block where a displacement constraint was
used. Whilst it was uncertain that uneven displacement across the load face was the
cause of the low value of modulus, for it could be argued that differences in
displacement across the load face would average to give the same value as if there
was no ‘waviness’, further load methods were examined. The second load method
(Table 7.6) was to apply a force on nodes (in the x -direction) on the load face (for the
tensile and compressive models the x -direction is the loading direction). This
produced identical results to applying a pressure to the load face (Table 8.1).

The third loading method used was to apply a force on nodes on the load face and
coupling the nodes in their jc-direction displacements (Table 7.6). The effect of
coupling these nodes was that the nodal displacements in the x -direction on the load
face were identical to one another (Table 8.1a of Appendix C) and therefore did not
need to be averaged before modulus calculation. This loading method resulted in close
agreement with the analytical equation for layered block models of DAMZN loaded
both in tension and compression (Table 8.1). This was unsurprising, since the
analytical expression assumes isostrain conditions and the coupling used effectively
reproduces this effect. The slight discrepancies are probably due either to the fact that
the FE process includes small approximations or to slight distortion of the block from
its orthogonal shape.

The close proximity of the FE results to those arrived at analytically for DAMZN,
plus the absence of distortion o f the load face (Figures 8.2 ((a) and (c)) and 8.3 ((a)
and (c))) suggest that this loading method produces a strain state close to pure tension
or compression in the block and hence validates the layered block model.
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Additionally, the results of the DAMZN FE model are within one standard deviation
o f the experimental results (Table 8.1).

For the DISC material loaded with coupled nodes on the load face, the FE results
were slightly lower than the experimental results (Table 8.1). However, this was
considered reasonable given that: -

(a)

The differences are of a similar amount to those by which the FE results differ
from the experimental results for the DAMZN model.

(b)

They are within one standard deviation of the experimental results (Table 8.1).

(c)

For the DISC material, there exists scope for variation in modulus because the
experimental lay-up is probably not identical to that assumed in the FE model.
Also, the test specimens are unlikely to possess identical layering
arrangements because the DISC material lay-up does not repeat over the
thickness of the model, as described in Section 4.4.2.

Figures 8.2 and 8.3 show the x -direction stresses (<7X) and strains (e*) for the
DAMZN lay-up ((a) and (c)) and the DISC lay-up ((b) and (d)) for the layered block
models loaded in tension and compression respectively. The differences in stress
between the 0° and 90° layers in the model of DAMZN can clearly be seen (Figures
8.2 (a) and 8.3 (a)), as can the positions of the layers oriented most closely to the
loading direction in the model of DISC material (Figures 8.2 (b) and 8.3 (b)). For
example in Figure 8.2 (b) the layers of highest stiffness in the x -direction (0° and
175°) correspond to the highest (7X. The contour plots of the DISC x -direction stress
are enlarged in Figures 8.2 (f) and 8.3 (f) to show that there is a small amount of
waviness on the top edge of the load face. This is actually distortion in the y direction and would not be expected to have a significant effect on the results.
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Figure 8.2

Stress and strain contour plots of layered block models loaded in

tension (Shape change of block exaggerated by factor of 100).
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Stress and strain contour plots of layered block models loaded in

compression (Shape change of block exaggerated by factor of 100).
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Layered block models loaded in shear

Table 8.2 shows the shear moduli predicted by the plain block and layered block
models loaded in shear, with analytical and experimental values for comparison. A
similar table showing the average displacements in the x , y and z directions on the
load face of the model is shown in Appendix C. For models loaded in shear the ydirection is the loading direction, unlike the models loaded in tension and
compression.

Loading

Lay-up

method

Material

Shear modulus G 12 / GPa

Properties 4

FE

Analytical

Experimental

Uncoupled

Plain block

Isotropic

3.89

6.2

-

nodes 1

(no layers)

Compressive

4.43

6.2

-

DAMZN

Compressive

4.33

6.2

6.4 ± 0.4

DISC material

Compressive

5.21

-

11 ± 2

Coupled

Plain block

Isotropic

5.22

6.2

-

nodes on

(no layers)

Compressive

5.64

6.2

-

load faces 2

DAMZN

Compressive

5.36

6.2

6.4 ± 0.4

DISC material

Compressive

8.36

-

11 ± 2

Full

Plain block

Isotropic

6.20

6.2

-

coupling

(no layers)

Compressive

6.20

6.2

-

DAMZN

Tensile

6.20

6.2

6.4 ± 0.4

Compressive

6.20

6.2

6.4 ± 0.4

Tensile

13.64

-

11 ± 2

Compressive

10.69

-

11 ± 2

DISC material

y -direction) on oad faces.
y -direction) on load faces, nodes on load faces coupled in X and y directions.
3. Force on nodes (in y -direction) on load faces, nodes within each y -z plane o f nodes coupled to
one another separately in X and y directions, including those on load face.
1. Force on nodes (in

2. Force on nodes (in

4. M aterial property sets shown in Table 7.4.

Table 8.2

Numerical results from plain block and layered block models loaded in

shear. The loading methods are described in detail in Section 7.2.4.
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The shear moduli predicted by the models loaded using force on nodes on the load
faces were significantly lower than expected from either the analytical equation or
experimental results. They were less than the value predicted by the analytical
equation for DAMZN and less than half the experimental result for the DISC material
(Table 8.2). The discrepancies were much larger than the standard deviations in the
experimental results, which were only 0.4 GPa and 2 GPa for the DAMZN and DISC
material in-plane shear moduli respectively. It was suspected that this might result
from a failure of the loading method and boundary conditions to replicate the required
strain state without distorting the block, in a similar manner to the layered block
models loaded in tension and compression (Section 8.1.1). To ensure that this was a
result of the loading method and boundary conditions, rather than an error in defining
the directions of the material properties in the layers, a plain block without layers was
modelled as described in Section 7.2. This was loaded in the same manner and
analysed using both an isotropic set of material properties that had an identical shear
modulus to the in-plane shear modulus of the layers and with the compressive
material property set, which is orthotropic. This also predicted a shear modulus lower
than expected (Table 8.2), implying that the lower than expected shear modulus might
result from the load method. Examination of stress and displacement contour plots of
the solved models revealed that the edges of the model ‘slumped’ at the load faces.
This is shown in Figure 8.4 (a), which is a contour plot showing the y -displacement.
It was reasoned that this effect might affect the average y -displacement on the load
face and therefore the shear modulus.

The second load method was to apply a force on nodes on the load faces and coupling
nodes on the load faces in the x and y directions, in a similar manner to the coupling
used on the models loaded in tension and compression. Again, the effect of coupling
these nodes was that nodal y -displacement values on the load faces were identical to
one another (Table 8.2a o f Appendix C). However, whilst higher values of shear
modulus were predicted by the model, they were still lower than those predicted
analytically. Although this load method resulted in the load faces of the model
remaining planar and parallel, it can be seen in Figure 8.4 (b) that the contours of
equal y -displacement were not. This indicated some distortion inside the block, again
implying that a state of pure shear strain was not being achieved.
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15

Contour plots showing layered block models loaded in shear.

To overcome this problem, the third loading method was to apply a force on nodes (in
the y -direction) on the load faces and coupling to one another nodes that lay on the
same y - z plane, such that a set of nodes was coupled for each y - z plane that nodes
lay on as shown in Figure 8.5. This included the nodes on the load faces. This was
possible since a regular mapped rather than an irregular free mesh had been used. This
resulted in the exact value of shear modulus being predicted for the plain block
models and the analytical shear modulus value for the DAMZN layered block model
(Table 8.2). The DISC material value was nearer to the experimentally measured
value than was the case when the other load methods were used. It was clear that there
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was no distortion (Figure 8.4 (c)) either inside the block or at its edges. Figure 8.4 (d)
shows in-plane shear stress <Txy for the model of DISC material loaded in shear,
showing variations in stress resulting from differently oriented layers and the absence
o f any distortion other than the shearing action required.

b M

„ Sets of nodes that
lie on the same y-z
plane to one another

m*

1

F

Load face
■h

— Load face
r
-4 k

Figure 8.5

Schematic of shear model indicating some sets of nodes that were

coupled together in their x and y displacements.

A further point was whether to use the tensile or compressive material property set for
the layered block models loaded in shear. Initially it might seem that only the shear
moduli of the layers are involved in determining the shear strain and therefore
determining the shear moduli of the layered block. However, this is only the case
where the loading is in the same orientation as the layer material properties. If the
layer material properties are rotated to some angle other than 0° or 90° to the loading
orientation, then the effective shear modulus of each layer will be different and
influenced by orientation and the Young’s modulus of that layer. This can be
visualized by considering that a block loaded in shear will experience tensile and
compressive strains along its diagonals in the x - y plane. Therefore using a different
layer material property set with identical shear moduli but different Young’s moduli is
likely to affect the overall shear modulus predicted by the layered block model if
layers are oriented at other than 0° or 90° to the loading orientation. In this scenario
the shear modulus would be increased if the Young’s modulus was increased and
reduced if the Young’s modulus was reduced. As expected, there was no effect on the
predicted shear modulus for DAMZN, but that the predicted shear modulus for DISC
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material differed depending on whether the tensile or compressive material property
set was used (Table 8.2). Specifically, the predicted shear modulus using the tensile
material property set was 13.64 GPa, while the using the compressive material
property set this was 10.69 GPa. The difference between these values and the
experimentally measured shear modulus of DISC material (11 ± 2 GPa) are small and
close to or within one standard deviation of it.

In summary, the layered block models make good predictions for the elastic moduli of
DAMZN and DISC material when using the experimentally measured properties of
DAMZZ as the properties of the individual layers. The predicted moduli were within
the standard deviations o f the experimentally measured moduli of DAMZN and DISC
material in all cases except for the shear model using the tensile set of DAMZZ
material properties. Some changes to the method of loading and constraint was
required in order to replicate conditions of pure tension, compression or shear within
the blocks.
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8.2

Disc segment model

The development o f four disc segment models and the two constraint methods applied
to them are described in Section 7.3. Compressive loads of 5 kN were applied to the
model element representing the engineering load face of the tenons (Figure 7.10).
Two paths, termed Path 1 and Path 2, were defined on the surfaces of the disc
segments (Figure 7.10) that traversed points equivalent to those where Strain Gage 1
and Strain Gage 2 were respectively located on the disc segments subjected to torsion
strength tests (Chapter 9). This section describes firstly the stresses and strains
predicted along these paths by the disc segment models, before presenting the exact
strain values predicted by the models at the positions of Strain Gage 1 and Strain
Gage 2 (Section 8.2.1). The stress and strain distributions across the different disc
segment models are then compared (Section 8.2.2).

8.2.1

Numerical results from disc segment model pathplots

Once the path data had been acquired in a numerical format, the model strain data
from the point on the path that corresponded to the strain gage position (i.e. 11 mm
along Path 1 and half way along Path 2, Figure 7.10) was obtained and the principal
strains in this position calculated by the method described in Section 7.3.5. However,
before this was done, the stress and strain data along the paths were plotted. There
were two reasons for this, firstly to identify any differences in the results between the
different constraint methods and between the disc segments of standard and squared
geometry and secondly to check that these results were of realistic magnitude. A
selection o f these graphs is presented before the tables showing numerical strain data
from the strain gage positions. The stresses predicted along the paths were generally
similar for differing segment size and standard versus squared geometry, but those
models constrained on swept areas exhibited significant differences from those
constrained by bolts. These similarities and differences are discussed after the graphs
are presented. The principal trends in stress along Path 1 are a large compressive
stress in the part that lies on the tenon that reduces towards the end that lies on the
swept area and an in-plane shear stress that is of maximum magnitude as the path
crosses from the tenon onto the swept area.
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Distance along Pathplot / mm

Distance along Pathplot / mm

(a) Path 1, Small disc segment model

(b) Path 1, Large disc segment model

constrained by bolts

constrained by bolts

Figure

8 .6

Graphs showing the similarity between stresses along Path 1 for the

small disc segment model constrained by bolts (a) and large disc segment constrained
by bolts (b), resulting from a force of 5 kN applied to nodes coupled in their y displacement over the engineering load face of the tenon as shown in Figure 7.10.

Figure

8 .6

shows the stresses along Path 1 for the small and large disc segment

models constrained by bolts. Although there are small differences between the
numerical values of the different stresses at different points along Path 1 for the two
models, the general forms of the plots are similar. This was also the case for the
stresses along Path 2 and for the strains along both Path 1 and Path 2. However, a
clear difference in the form of the stress versus distance plots was observed depending
on the constraint method used. To illustrate this and the similarity between the disc
segments of standard and squared geometry, plots of stress and strain along the paths
are presented here for the small disc segment models only, so as to avoid an excessive
number of plots. The large squared disc segment constrained on swept areas, the
results for which were similar to the small squared disc segment constrained on swept
areas, has also been omitted.
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(f) Path 2, Small squared constrained by bolts

Graphs showing stresses along Path 1 and Path 2 for the small disc

segment model constrained by bolts ((a) & (b)), small disc segment model constrained
on swept areas ((c) & (d)) and small squared disc segment model constrained by bolts
((e) & (f)), resulting from a force of 5 kN applied to nodes coupled in their y displacement over the engineering load face of the tenon as shown in Figure 7.10.
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Figure 8.7 shows the stress plots along Paths 1 and 2 for the small disc segment
model. The main point was to check that the stress components perpendicular to the
free surfaces o f the models were zero, as they must be from a theoretical point of
view, since there can be no force normal to a free surface. An error in the model
would have been implied had this not been the case.

Since Path 1 occupies a position o f proximity to the load face (Figure 7.10) and the
load is applied to the load face in the y -direction, the stress in this direction, Gy,
would be expected to be high along Path 1. This can clearly be seen in Figure 8.7 (a),
(c) & (e), where <7y is compressive and falls in magnitude steeply after 10 mm along
the path, a distance roughly corresponding to the length of the load face. There is also
an x - y shear stress, <T^, reaching a maximum at approximately the strain gage
position, as would be expected.

Additionally, since Path 1 was on the surface of the model that was perpendicular to
the z-axis (Figure 7.10), the stress component oz should be zero along the entire
length of the path. It can be seen in Figure 8.7 (a), (c) & (e) that this condition is
satisfied by the small disc segment model constrained by bolts, the small disc segment
model constrained on swept areas and the small squared disc segment model
constrained by bolts. For the small squared disc segment model constrained by bolts
(Figure 8.7 (e)), the stress component <JX is also zero at zero distance along Path 1 and
is non-zero thereafter. This is because at zero length along Path 1, there is a free
surface perpendicular to the x -axis. For the models of standard geometry (Figure 8.7
(a) & (c)), this is not the case, but since the free surface is slightly inclined from being
perpendicular to the x -axis, ax is not zero, but is close to zero. The shear stresses Cyz
and Gxz are also zero along the length of Path 1 (Figure 8.7 (a) & (e)) for the disc
segment models of standard squared geometry constrained by bolts, as would be
expected at a free surface. However, for the small disc segment model constrained on
swept area (Figure 8.7 (c)), although ayz is zero at zero length along the path (in the
tenon region o f the disc segment), it becomes non-zero approaching the edge of the
swept area of the disc segment (the swept area is shown in Figure 7.9). This might be
explained in terms of the swept area not being a free surface due to the displacement
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constraints imposed. Essentially the high compressive stress

Gy

and shear stress

Gxy

are observed as would be expected.

Figure 8.7 (b), (d) & (f) shows the stresses along Path 2 for the small disc segment
model constrained by bolts, the small disc segment model constrained on swept areas
and the small squared disc segment model constrained by bolts. These can be
explained in a similar manner to the stress plots along Path 1. An important feature is
a zero value of

gz

at the ends of the path corresponding to the free surfaces, although

the value of <7Z is low along the entire length of the path. As observed for Path 1,
there is a marked difference in the small disc segment model constrained on swept
areas (Figure 8.7 (d)). This exhibits increases in the magnitude of

Gx, Gy

and

G^

towards the ends of Path 2, whilst in the centre of the path these stresses are of similar
magnitude to those within the disc segments constrained by bolts (Figure 8.7 (b) &
(f)). This probably results from the proximity of the ends o f Path 2 to the swept area
of the disc segment where displacement constraints were applied and where stress
concentration would be expected since the deformation of the model is constrained.
This increase in magnitude is also seen in Gyz and <7^ predicted by this model although
to a lesser degree than for
along Path 2 is that

Gx

Gx, Gy

and

Gy

and

G ^.

The other notable feature of the stresses

are almost identical (Figure 8.7 (b) & (f)). This is

unsurprising since the stress normal to the fillet curve surface must be zero (free
surface), therefore the in-plane maximum principal stress must be parallel to the
surface, additionally half way along the fillet curve (at 45° to axes) the x and y
components o f this in-plane stress should be equal. Essentially for Path 2 high and
equal

Gx

and

Gy

values and high magnitude cr^ values are observed, which are

expected in this position.

When the stresses are translated into principal stresses, the predicted stresses again
seem reasonable. The extra information gained from this step is that the tensile and
compressive stresses of maximum magnitude are given, which are not exactly aligned
with the x , y and z axes. For the three disc segment models compared (small
constrained by bolts, small constrained on swept area and small squared constrained
by bolts), one o f the principal stresses, shown in Figure 8.8 (a) for the small disc
segment, is zero or very close to zero along the entire length of Path 1, implying a
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state of plane stress in the surface as would be expected at a free surface. This is also
the case for Path 2, where one of the principal stresses is close to zero and another
very close to zero (not shown). This however does not necessarily mean that this is
also the case for the principal strains, as shown in Figure 8.8 (b). The positive
principal strain

£2

is perpendicular to the surface of the disc segment and is due to

Poisson’s effects. The reason that the maximum principal stress (<7i) and maximum
principal strain (£1) are designated as major despite being smaller in magnitude than
those designated as minor ( o 3 and

£3)

is that ANSYS 5.7 assigns the major and minor

labels using their value including their sign rather than magnitude alone.

0.0005

-0.0005

co -10

-20

-

Distance along Pathplot / mm

Distance along Pathplot / mm

(b) Principal strains

(a) Principal stresses
Figure 8.8

0.001

Graphs showing principal stresses (a) and principal strains (b) along

Path 1 for the small disc segment model constrained by bolts, resulting from a force of
5 kN applied to nodes coupled in their y -displacement over the engineering load face
of the tenon as shown in Figure 7.10.

It should be noted that the stress components that appear to be zero on the graphs are
not precisely zero. However compared to the magnitudes of the other stresses they can
be thought of as effectively zero ( o z < 0.005 MPa, o yz and o xz < 0.05 MPa over the
length of Path 1). A possible reason why they are not precisely zero might be that a
slight distortion of the model under the applied load would result in the surface not
being exactly perpendicular to the axis. Another possible reason for this is that the FE
method is an approximation.
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The load applied to the model was chosen to be equivalent to roughly one third of the
failure torque experienced by the disc segments tested in Chapter 9 and the
compressive failure strength o f the disc material was found in Chapter 6 to be 69
MPa. Therefore the maximum magnitude of the in-plane stresses on Path 1,
approximately 18 MPa, appears reasonable since it is probable that Path 1 passes
through a region that is highly stressed but not o f maximum allowable stress.

Figure 8.9 shows the strain plots along Paths 1 and 2 (Figure 7.10) for the small disc
segment model constrained by bolts, the small disc segment model constrained on
swept areas and the small squared disc segment model constrained by bolts (positions
o f bolts and swept areas are shown in Figure 7.9).

The main difference between the stress and strain plots along Path 1 is that unlike the
case for the stress plots, the z , x - z and y - z components are non-zero. The strain
component £z is positive at zero length along Path 1 and of a similar value over the
distance by which the tenon protrudes from the rest of the disc segment before
gradually falling to zero towards the other end of the path. This can be seen in Figure
8.9 ((a), (c) & (e)) and is the case for the other models examined. The physical
meaning o f this is that the tenon is expanding in the z -direction under in-plane
loading. The disc segment models constrained by bolts (Figure 8.9 (a) & (e)) also
exhibit shear strains £yz and exz that are non-zero along Path 1, unlike the equivalent
stresses, although small compared to other strain components. However a prominent
exception to this exists for the disc segment constrained on swept areas (Figure 8.9
(c)). In these, the strain component

is zero at the start of Path 1, but is much larger

in magnitude than any other strain component in the region corresponding to the edge
of the swept area of the disc segment. This also corresponds to the highest magnitude
of

exhibited in the same position (Figure 8.7 (c)). Although the strain component

Eyz appears large in relation to the other strain components in the constrained on swept
area disc segment model, even at maximum magnitude (0.0022) it is less than one
sixth o f the minimum measured through-thickness shear failure strain (0.0150) for
DISC material (Table 6.3), for a model loaded to approximately one third of the
failure load o f the tenon. Again the results are as expected with a compressive strain
in the loading direction, a shear strain e^ and a Poisson’s expansion in the thickness.
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(f) Path 2, Small squared constrained by bolts

Graphs showing strains along Path 1 and Path 2 for the small disc

segment model constrained by bolts ((a) & (b)), small disc segment model constrained
on swept areas ((c) & (d)) and small squared disc segment model constrained by bolts
((e) & (f)), resulting from a force of 5 kN applied to nodes coupled in their y displacement over the engineering load face of the tenon as shown in Figure 7.10.
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Figure 8.9 ((b), (d) & (f)) shows the strains along Path 2 for the small disc segment
model constrained by bolts, the small disc segment model constrained on swept areas
and the small squared disc segment model constrained by bolts. As observed with
Path 1, unlike the equivalent stress components the z , x - z

and x - y

strain

components are non-zero. The strain component £, is negative at the ends of Path 2
and negative but of a lower magnitude at the centre. This implies that the material in
the region is shrinking in the z-direction. The contraction in the absence of an
equivalent stress component (i.e. <7Z) implies that it results from Poisson contraction
due to the material being stretched in-plane. This is opposite in sign to £z for the
material at the end o f Path 1, which has expanded as a result of being compressed in
plane. The shear strains

and

unlike the equivalent stress components, are non

zero along the length of Path 2 for the small disc segment model constrained by bolts
and the small squared disc segment model constrained by bolts (Figure 8.9 (b) & (f)),
although they are small compared to the other strain components. The exception to
this again is the small disc segment constrained on swept area, where the shear strains
Eyz and £*z, shown in Figure 8.9 (d) are large towards the ends of the pathplot. These
strains correspond to the shear strain components

and £& being non-zero towards

the ends of Path 2 for the small disc segment constrained on swept areas and zero for
the small disc segments constrained by bolts. The strains ex, £y and £xy are as expected.

To summarise, the form o f the stress and strain distributions along Paths 1 and 2 are
similar for the small and large disc segments. A square geometry does not result in
differences o f significant magnitude from the standard geometry. The factor that had
the greatest effect on the stress and strain distributions along Paths 1 and 2 for the
models solved was the method of constraint. The stress distributions appear to be
reasonable in terms of reducing to zero when perpendicular to free surfaces and the
magnitudes o f both stress and strain components appear reasonable in light of the load
applied as a fraction of the measured failure loads, to be discussed in Chapter 10 and
the failure stresses and strains measured for the DISC material in Chapter 7.
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The principal strain values calculated from the values of £x, £y and £xy taken from 11
mm along Path 1 are shown in Table 8.3 and the strains predicted by the model half
way along Path 2 are shown in Table 8.4. These will be compared to the strain
readings taken from strain gages on the disc segments tested in Chapter 9.

Maximum

Minimum

Direction

Maximum

principal

principal

(0)

shear strain

strain (£/)

strain (£2)

Large constrained by bolts

810

-1060

-32.6

930

Large constrained on swept area

1250

-1500

-36.4

1370

Small constrained by bolts

570

-900

-25.6

730

Small constrained on swept area

840

-1200

-31.7

1020

Large squared constrained by bolts

1110

-1320

-36.4

1220

Large squared constrained on swept area

1340

-1450

-38.9

1400

Small squared constrained by bolts

810

-1070

-32.3

940

Small squared constrained on swept area

1250

-1520

-34.9

1380

Type o f disc segment modelled

Table 8.3

(T m a x )

Strains predicted by disc segment models in the position on Path 1

equivalent to the position of Strain Gage 1 (all strains in microstrain).

Type o f disc segment modelled

Through-thickness

Calculated in-plane

S tr a in

strain parallel to

(S th r o u g h -th ic k n e s s )

S u r fa c e

Large constrained by bolts

-63

2200

Large constrained on swept area

-45

1790

Small constrained by bolts

-106

2430

Small constrained on swept area

-50

1840

Large squared constrained by bolts

-86

2520

Large squared constrained on swept area

-44

2100

Small squared constrained by bolts

-146

2910

Small squared constrained on swept area

-16

2150

Table 8.4

{ £ i n - p la n e )

Strains predicted by disc segment models in the position on Path 2

equivalent to position of Strain Gage 2 (all strains in microstrain).
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Disc segment contour plots

ANSYS 5.7 allows many types of results to be plotted graphically on contour plots of
a model. For a structural analysis, these are stress, strain and displacement
components. However, unlike the paths used in the previous section, only one stress,
strain or displacement component can be plotted at once. This makes the presentation
of every component impractical on a contour plot. For this reason, only a selection of
the contour plots from the disc segment models are shown in this section. In order to
facilitate this, the contour plots in this section show only the maximum and minimum
principal stresses or strains rather than individual x , y and z components. As noted
in Section 8.2.1, ANSYS 5.7 assigns principal stress labels such that the maximum
principal stress is the largest and the minimum principal stress is the smallest using
the sign of the stress rather than magnitude alone.

In Section 8.2.1 it was noted that there was not a great difference in the form of the
stress or strain results along Path 1 and Path 2 between the large and small disc
segment models. Examination o f stress and strain contour plots of the disc segment
models revealed that this was the case for the whole of the region around the tenon in
addition to the parts crossed by the paths. This is illustrated in Figure 8.10, which
shows the maximum and minimum principal strains for the small disc segment model
constrained by bolts ((a) & (c)) and the large disc segment model constrained by bolts
((b) & (d)). Therefore, as for the path data, only contour plots of the small disc
segment model constrained by bolts, small disc segment model constrained on swept
area and small squared disc segment model constrained by bolts are presented in this
section. It was also noted in Section 8.2.1 that the method of constraint affected the
stress and strain distributions along Path 1 and Path 2 to a greater degree than model
geometry or size. The contour plots appear to confirm this, as can be seen in Figures
8.10 and 8.11, which show respectively the maximum (tensile) and minimum
(compressive) principal stresses and strains for the small disc segment models
constrained by bolts, constrained on swept area and of squared geometry constrained
by bolts. In Figures 8.9, 8.10 and 8.11 the stresses and strains result from a force of 5
kN in the y -direction applied to nodes coupled in their y -displacement over the
engineering load face o f the tenon as shown in Figure 7.10.
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Load face
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(a) Maximum principal strain, £i,

(b) Maximum principal strain, £\,

(tensile) for small disc segment
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Figure 8.10

-0.0015

-
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-0.0015

Minimum principal strain,

£ 3,

(compressive) for large disc segment

Contour plots showing the similarities between the principal strains in

the small and large disc segment models constrained by bolts.
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1

F i lle t c u r v e

(a)

<Ti,

Small constrained by bolts

(b) £u Small constrained by bolts

(c) <7i, Small constrained on swept area

(d) £i, Small constrained on swept area

i
i

(e) Oi, Small squared constrained by bolts
15
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45

(f) £i, Small squared constrained by bolts

60 0

Figure 8.11

0.0005

0.0010

0.0015

0.0020

Strain

Stress / MPa

Contour plots showing the maximum principal stress

(O i)

and

maximum principal strain (£1), both of which are tensile, for the small disc segment
model constrained by bolts ((a) & (b)), the small disc segment model constrained on
swept area ((c) & (d)) and the small squared disc segment model constrained by bolts
((e) &(f)).
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The maximum (tensile) principal stresses and strains shown in Figure 8.11 are
generally smaller in magnitude than the minimum (compressive) stresses and strains
shown in Figure 8.12. For all three disc segment models shown in Figure 8.11, the
highest tensile stresses and strains occur in the fillet curve region. The models also
predict large stress and strain gradients in this region. For the models constrained by
bolts (Figure 8.11 (a), (b), (e) & (f)), two ‘lobes’ of higher stress and strain can be
seen extending into the disc segments adjacent to the fillet curve. This is less
pronounced for the disc segment constrained on swept area (Figure 8.11 (c) & (d))
where there is no ‘lobe’ of higher maximum principal stress extending into the swept
area region of the disc and the maximum principal strain is higher long the boundary
between the tenon region and the swept area.

The grey regions on the plots are areas where the stress or strain lies outside the scale
used. In the case o f Figure 8.11, this occurred where the maximum principal stress
became compressive. In all three models the maximum compressive magnitude of the
maximum principal stress was approximately 5 MPa.

In terms o f the magnitudes o f the maximum principal strains predicted by the model,
it should be noted that in the fillet curve region the tensile stresses approach the
average measured in-plane failure stress of the material (57 MPa, Table 6.6). This
seems high given that the load applied to the model was equivalent only to
approximately one third of the failure torque of the small disc segments tested in
Chapter 9. A possible explanation for this is that these stresses are only predicted very
close to the surface of the fillet curve (Figure 8.11 (a), (c) & (e)), therefore failure of
the material immediately adjacent to the fillet curve would not be expected unless a
higher load were applied.
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Small constrained by bolts

(b) £3, Small constrained by bolts

Small constrained on swept area

(d) £3, Small constrained on swept area

Small squared constrained by bolts
-45
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0

(f)
-

0.0020

Stress / MPa

Figure 8.12

£3,

Small squared constrained by bolts
-

0.0015

-

0.0010

-

0.0015

0

Strain

Contour plots showing the minimum principal stress (<73 ) and

minimum principal strain

(£ 3 ),

both of which are compressive, for the small disc

segment model constrained by bolts ((a) & (b)), the small disc segment model
constrained on swept area ((c) & (d)) and the small squared disc segment model
constrained by bolts ((e) & (f)).
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The minimum (compressive) principal stresses and strains shown in Figure 8.12 are
generally larger in magnitude than the maximum (tensile) stresses and strains shown
in Figure 8.11. For all three disc segment models shown in Figure 8.12, the
compressive stresses and strains o f largest magnitude occur at the stress concentration
at the edge of the load face next to the fillet curve region. The magnitudes of the
maximum stresses predicted by the model at this stress concentration are 127 to 173
MPa, significantly larger than the average measured in-plane compressive failure
stress of the material (69 MPa, Table 6.7). That such large stresses are predicted by
the model at a load equivalent only to approximately one third of the failure torque of
the small disc segments tested in Chapter 9 suggests that the magnitude of this stress
concentration may be an artefact o f the loading method used. This loading method,
consisting of a force o f 5 kN applied to nodes coupled in their y -displacement over
the engineering load face of the tenon as shown in Figure 7.10, simulates loading by a
drive bar o f effectively infinite stiffness and a perfectly sharp edge. In reality, the steel
drive bar used would be likely to deflect slightly and does not have a perfectly sharp
edge; therefore the magnitude o f this stress concentration in practice would be
expected to be lower than predicted by the FE model.

Since the stresses at the edge o f the load face were so much higher than those
predicted over the rest of the disc segment, the scale used in Figure 8.12 (a)-(f) has
been chosen such that the maximum magnitude of stress shown is 60 MPa and the
maximum magnitude o f strain shown is 0.002. This allows the variation in stress and
strain across the rest o f the disc segment to be seen and the minimum principal
stresses and strains to be compared in magnitude with the maximum principal stresses
and strains shown in Figure 8.11. This results in part of the stress concentration at the
edge of the load face being off the scale and is thus indicated in grey in Figure 8.12.
However the grey regions on the fillet curve represent stresses outside the opposite
end o f the scale, i.e. tensile stresses, which in none of the disc segment models shown
were larger than 3.5 MPa. As was the case for the maximum principal stresses shown
in Figure 8.11, the reason that the principal strains are not also negative in the regions
where the minimum principal stress was negative is that they are not necessarily
oriented in the same direction as the principal stresses.
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Aside from the stress concentration at the edge of the load face, the minimum
(compressive) principal stress is greatest in the tenon region immediately adjacent to
the load face and is spread across most of the tenon. This seems logical since the
tenon is experiencing a compressive load on one end of the tenon. This is of similar
magnitude for all three models shown in Figure 8.12, with the compressive stresses
mainly ranging from 15 to 22.5 MPa in this region except at the edge of the load face.
Given that the average measured failure strength is 69 MPa and the tenon is loaded to
a load equivalent to approximately one third of the failure torque of the small disc
segments tested in Chapter 9, this seems reasonable.

-4

0

4
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-

2.4

(a) y -displacement / n m
Figure 8.13

-

1.2

0

1.2

2.4

(b) z -displacement / jam

Contour plots showing y and z displacement for the small disc

segment model constrained by bolts.

Figure 8.13 shows how the y and z displacements across the small disc segment
model. This shows how the material moves in different parts of the disc segment as a
result of the applied load. It can be seen that in the loading ( y ) direction, the
displacement is greatest immediately next to the load face, while the z -displacement
(through-thickness) is greatest next to the load face and at the fillet curve. However,
the displacements in these two regions are opposite, with the material immediately
adjacent to the load face expanding in the z -direction (blue towards the rear and
yellow / red towards the front) and the material at the fillet curve contracting (yellow /
red towards the rear and blue towards the front), as suggested from the data plotted
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along Paths 1 and 2. This implies that the part of the tenon that is being loaded
experiences Poisson’s expansion in the z -direction. It should be noted here that a
positive Poisson’s ratio was used in the disc segment model because they were loaded
in compression, whilst negative Poisson’s ratio behaviour in DISC material occurred
in tension (Section 6.4).

In summary, the disc segment models showed tensile in-plane stresses and strains
near the fillet curve, compressive strains in the region of the tenon close to the load
face, as a result o f which the tenon expanded laterally slightly at its loaded end. A
stress concentration at the edge of the load face next to the fillet curve was considered
to be an artefact o f the loading method. Although stress distributions were broadly
similar, the constraint on swept area boundary condition led to higher strains along the
boundary between the tenon and the swept area than the constraint on bolts boundary
condition, the latter of which is probably more realistic in the torsion strength tests
(Chapter 9).
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CHAPTER 9
TORSION STRENGTH TESTS
This chapter describes torsion strength tests conducted on single tenon disc segments
for comparison with the results o f the orthotropic disc segment models presented in
Chapters 7 & 8. The first section of this chapter describes the experimental methods
used, including the preparation and testing of the disc segments. The experimental
results are then described. Finally, the experimental results are compared with the
finite element results.

9.1

Experimental Methods

9.1.1

Preparation of disc segments

The disc segments used for the torsion strength tests were of identical geometry to
those used in the finite element models of the small and large disc segments. The size
and dimensions of these disc segments are shown in Figures 7.4 and 7.5 and are not
replicated in this chapter. The only deviation between this geometry and that of the
disc segments tested was the absence in the model of a shallow groove along the edge
of the swept area of the large disc segment (Figure 9.1 (a)). Such a groove is often
included on aircraft brake discs because it has been found that it improves the
dynamics o f the brake [1]. Since this groove was only on one side of the disc segment,
and a strain gage attached only to the side without it, it was considered acceptable to
leave this out of the model given that it was not close to the points at which the strain
was being measured on the disc segments for comparison to the model. The disc
segments used for the torsion strength tests were made by taking a finished disc and
cutting it into segments, each of which had three tenons. The tenons at each end of the
segment were then machined away down to the radius of the bottom of the inter-tenon
notches. The positions from which these tenons were removed are indicated in
Figures 7.4 and 7.5. The small disc segments were cut from brake discs made for an
ATR 72 aircraft, while the large disc segments were cut from brake discs made for a
Boeing 757-300.
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SG 2

Groove

(b) Positions of strain gages

(a) Small and large disc segments
Figure 9.1

Small and large disc segments prior to attachment of strain gages (a),

showing groove along edge of swept area on the large disc segment. Tenon region of
small disc segment (b) showing positions of Strain Gage 1 (SG 1) and Strain Gage 2
(SG 2). Strain Gage 1 is obscured by the leadwires.

Strain gages were attached to two positions in the tenon region of each disc segment
as shown in Figure 9.1 (b). The positions available for the attachment of strain gages
were limited because they could not be too close to the load face of the tenon or on
the swept area of the disc or they would be damaged or destroyed during testing or
test set up. The swept areas were clamped against carrier plates prior to testing.
Additionally, the leadwires had to be positioned so as to avoid being crushed during
testing or test set up. The exact positions of the strain gages are shown in Figure 7.10
and lie on the paths on the model along which results were plotted in Figures 8.5-8.8.
For clarity, the strain gage on Path 1 is referred to as Strain Gage 1 and the strain gage
on Path 2 is referred to as Strain Gage 2. Strain Gage 1 was a -45/0/+450 rosette
(Measurements Group WA-06-060WR-120, grid length 1.52 mm), allowing the
determination of principal strains, maximum shear strain and their direction. This was
because the strain state measured on the surface was expected to be more complicated
than that where Strain Gage 2 was attached. Given the symmetry of the disc about its
mid-plane, it was expected that the strain state measured on the surface where Strain
Gage 2 was attached would be biaxial, with one component parallel to the plane of the
disc and the other perpendicular to this plane. Therefore a biaxial 0-90° rosette was
used (Measurements Group WA-13-060WT-120, grid length 1.52 mm) and aligned so
that one element was parallel to the plane of the disc and the other perpendicular to it.
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Testing of disc segments

Test set up

The tenon tests were conducted at Dunlop Aerospace using equipment shown in
Figure 9.2. This equipment can be used either to perform a frictional test on a rotor, in
which case it is driven by the large blue flywheel, or to perform torsion strength tests.
Since torsion strength tests are static tests, the flywheel is not used, instead torque is
applied to the whole assembly by applying a force to the edge of the flywheel
hydraulically, using the connector that can be seen in the top left hand comer of
Figure 9.2.

Figure 9.2

Equipment for performing frictional tests or torsion strength tests,

showing brake assembly housing (a), flywheel (b) and connector (c) for applying
torque generating force F to the assembly in a torsion strength test.

Torsion strength tests may be either disc strength tests, where whole discs are tested,
or single drive tests, where a disc segment with only a single tenon is tested. The tests
described in this chapter are single drive torsion strength tests. For both disc strength
and single drive tests, the stator disc or disc segment is bolted to dummy rotors
because the frictional force between the discs is insufficient to break the drive tenons
especially at room temperature. If the test is a single drive test then the space for the
stator not taken up by the disc segment is filled by a carrier plate as shown in Figure
9.3 (a). Figure 9.3 (b) shows the whole assemblage of two dummy rotors, the disc
segment and carrier plate ready for testing.
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(c)
Figure 9.3

(d)

Test assemblage during set up (a) showing disc segment (D.S.),

dummy rotors (D.R.) and carrier plate (C.P.), with top dummy rotor bolted on ready
for test (b). Close up of brake assembly housing prior to insertion of test assemblage
(c) showing simulated torque tube (T.T.) and with test assemblage inserted (d). The
arrow in picture (d) indicates the direction that the torque tube and test assemblage
then slide in so that the dummy rotors are engaged by their drive slots to the outer
casing, which is attached to the flywheel (see Figure 9.2).

This assemblage then slides over a simulated torque tube, shown in Figure 9.3 (c).
The mounting of the simulated torque tube slides towards the part that loads the rotors
(Figure 9.3 (d)), which is fixed to the flywheel, so that the test assemblage is enclosed
by it. The mounting of the simulated torque tube is then secured, after which the test
can commence following set up of the strain gage equipment.
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Application o f torque
Torque was generated by the application of a force to the connector attached to the
flywheel shown in Figure 9.2. This force was applied by means of a hydraulic
cylinder that was loaded by a hand operated hydraulic pump. Although this gave a
loading rate that was not perfectly smooth or constant, all tests resulted in the loading
o f the tenon to failure in approximately 4 to 6 seconds, translating into a loading rate
o f approximately 300-400 Nm s'1.

Measurement o f torque and strain
A load cell was used to measure the force that was applied to the edge of the flywheel
using the connector shown in Figure 9.2. The torque T applied to the dummy rotors
and therefore to the disc segment was calculated from the force F measured by the
load cell and the distance d from the point at which the connector was attached to the
flywheel and the flywheel’s centre, using Equation 27. The load cell output was
connected to the same data logging equipment as was used for the strain gage data;
the torque was calculated automatically and logged on the same time axis.

T -F d

Equation 27

The strain gages were attached to strain gage conditioning and data logging
equipment that logged the torque and rosette element strains with a sampling interval
of 10 milliseconds using a maximum scale of 0.01 (1 %) strain. A shunt resistor
arrangement was used to eliminate any effects of leadwire resistance due to the long
leadwires necessary to lead down into the test pit. The strains were recorded using a
separate channel for each rosette element, plus one for the torque. Following the tests,
the results were exported to nCode ‘nSoft’ software, which was used to assemble the
torque and strain data into the same files and calculate the principal strains, maximum
shear strain and their direction automatically from the three rosette element strains for
Strain Gage 1. This software gave the maximum shear strain ymSLXby the ‘engineering
definition’ described in Section 4.2.1. The strains from the two rosette elements were
already in appropriate form for Strain Gage 2.
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Experimental results

The results of the torsion strength tests are presented as follows. Firstly, the typical
failure mode of the tenons is shown with a table giving the failure torques measured
(Section 9.2.1). Secondly, the strain gage data is examined. The general form of the
strain versus torque plots obtained from the tests is discussed in the light of the FE
results (Section 9.2.2), followed by a comparison of exact strain values measured with
those predicted by the model at specific loads (Section 9.2.3).

9.2.1

Failure modes and failure torques of tenons

Typical failure modes of the disc segments following the torsion strength tests are
shown in Figure 9.4. Despite their slightly different aspect ratios, tenons on the large
and small disc segments exhibited very similar failure modes, consisting of a
combination of delamination and diagonal cracking immediately underneath the load
face. This bears a striking resemblance to the failure modes of the compressive
specimens shown in Table 6.3, suggesting that this failure mechanism is compressive
in nature. Unexpectedly, the damage appeared highly localised in this region. The
material adjacent to the fillet curve where Strain Gage 2 was attached appeared to be
completely intact.

(a) Small disc segment
Figure 9.4

(b) Large disc segment

Typical failure modes of small (a) and large (b) disc segments

following torsion strength tests.
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Table 9.1 shows the failure torques for the disc segments. Originally the intention was
to test seven small and seven large disc segments. However, time constraints meant
tests on the final three small disc segments were abandoned. The first small disc
segment was accidentally loaded on the opposite end of the tenon to that to which the
strain gages were attached. However since the correct end was undamaged it was
replaced into the correct position and tested again. This gave an extra measurement of
tenon strength, however the strain data from the initial loading of this segment could
not be used. Only segments number 1 to 4 of each size had strain gages attached.

Small disc segment

Large disc segment

Sample

Density

Failure

Sample

Density

Failure

number

/ g cm-3

torque / Nm

number

/ g cm'3

torque / Nm

1 (reverse)

1.80

1854

1

1.92

1589

1

1.80

2085

2

1.93

1655

2

1.79

1787

3

1.94

1589

3

1.80

1754

4

1.92

1589

4

1.81

1754

5

1.92

1523

-

-

-

6

1.90

1568

-

-

-

7

1.92

1597

Average

1.80

1847

Average

1.92

1587

s.d.

0.01

139

s.d.

0.01

39

% s.d.

0.5

7.5

% s.d.

0.6

2.5

Table 9.1

Bulk densities and tenon failure torques of disc segments tested.

It can be seen that there was very little variation in the densities of the disc segments
tested. For this reason, the tenon failure torques have not been plotted against density.
It can be seen that the percentage standard deviations in the failure torques are low for
the small disc segments and very low for the large disc segments, relative to the ~10
% standard deviation in the failure strengths of the DISC material specimens (Tables
6.6 and 6.7). However, given the small sample population these values should be
treated with caution.
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9.2.2

Typical torque-strain response of disc segments

Figures 9.5 and 9.6 show typical strain versus torque and torque versus time plots
from the torsion strength tests for the small and large disc segments respectively.
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(c) In-plane and through-thickness strains

(d) Torque versus time

measured by Strain Gage 2
Figure 9.5

Typical results plots for the small disc segments, showing (a) principal

strains versus torque (Strain Gage 1), (b) maximum angle versus torque (Strain Gage
1), (c) strains versus torque (Strain Gage 2) and (d) torque versus time.

Figures 9.5 (d) and 9.6 (d) indicate that the increase in torque as the tests progress is
not as smooth as might be expected. Examination of torque data revealed that the
smallest increment in which the test equipment could measure the torque was
approximately 33.1 Nm. Small variations in the measured torque as the test
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progressed may therefore have been amplified due to the torque being ‘rounded’ to
the nearest multiple of this increment, thus increasing the appearance of the noise in
the torque data. The likely explanation for the ‘flat’ region at the start of the time
versus torque graph for the large disc segment (Figure 9.6 (d)) is that although the
data logging had commenced and the loading started, some time passed before the
‘slack’ was taken out of the load train, after which loading continued normally. Non
uniformity in the loading rate may also have resulted from the loading method
described in Section 9.1.2.
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measured by Strain Gage 2
Figure 9.6

Typical results plots for the large disc segments, showing (a) principal

strains versus torque (Strain Gage 1), (b) maximum angle versus torque (Strain Gage
1), (c) strains versus torque (Strain Gage 2) and (d) torque versus time.
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For both the small and large disc segments, the strain versus torque data from Strain
Gage 1 (Figures 9.5 and 9.6 (a)) shows a strain state consisting of a maximum
principal strain that is tensile and roughly half the magnitude of the minimum
principal strain, which is compressive. Therefore in absolute terms the minimum
principal strain is larger, despite being denoted minimum due to its negative sign. If
the increase of both the principal strains with increasing torque were perfectly linear,
then the principal angle would not vary with increasing torque. However, given that
the increases in the principal strains with increasing torque are slightly non-linear, it is
unsurprising that there is some variation in the principal angle with increasing torque.
The reason that the principal angle is not shown from zero torque in Figures 9.5 (b)
and 9.6 (b) is that at very low torque, the measured strain is close to zero and the
measured strain values fluctuate between the smallest increments that can be
measured by the equipment, resulting in the artefact of great fluctuation in the
principal angle. The principal angle shown is the angle between the strain gage axes
and the principal strains, with positive angle measured anticlockwise from them.
However, it is later required to adjust this angle for comparison with the principal
angle predicted by the FE models. This is described in Section 9.3.2.

For both sizes of disc segment, both the in-plane and through-thickness rosette
elements of Strain Gage 2 show positive (tensile) strains (£through-thickness in Figures 9.5
(c) and 9.6 (c)), although the in-plane strain was of larger magnitude. That the
through-thickness strain was tensile as well as the in-plane strain was unexpected
because material usually contracts in the lateral direction when subjected to tension.
Although there were slight variations in the exact values of the strains measured, this
type of behaviour was apparent in both small and large disc segments. This result
suggests that negative Poisson’s ratio behaviour might be occurring under in-plane
tension in the fillet curve region of the disc segment (Figure 9.7 (a)).
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Figure 9.7

Comparison of through-thickness strain response at tenon fillet curve,

measured by Strain Gage 2 (a), with typical through-thickness strain response of
DISC material specimens, tested under in-plane tension (b).

However, although seen in some of the tensile specimens (Section 6.4.1), negative
Poisson’s ratio behaviour consisting of tensile strains in the through-thickness
direction arising from tension applied in the in-plane direction (which would be used
to estimate Vi3) was only seen in a minority of the DISC material specimens tested.
For most of the tensile DISC material specimens the through-thickness strain was
negative, implying a positive Poisson’s ratio (Figure 9.7 (b)). Therefore it is possible
that the positive strain measured on the disc segment fillet curve by Strain Gage 2 in
the through-thickness direction might not result from negative Poisson’s ratio
behaviour behaviour. An alternative explanation is that the proximity of the strain
gage to the load face could result in a positive strain in this direction. Examination of
the disc segments showed that some of these strain gages had been attached slightly
closer to the load face than the central point of the fillet curve, where the
measurement predicted by the model was taken.
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9.3

Comparison of experimental results with the disc segment FE model

9.3.1

Calculation of torque applied to the disc segment models

It was stated in Section 7.3.4 that the size of the loads applied to the orthotropic disc
segment models were chosen so as to correspond roughly to one third of the failure
load o f the disc segments subjected to torsion strength tests. For simplicity, the same
load (5 kN) was applied to the load face of all the orthotropic disc segment models.
Since two types o f disc segment of slightly different geometry were tested, the torque
equivalent to the load applied to the models differs for the small and large disc
segment models. It is therefore necessary to calculate separately for the small and
large disc segments the torque equivalent to the load applied to the models (5 kN).
Once these torques are known, the strains predicted by the finite element models can
be compared directly with the strains measured on the experimentally loaded disc
segments subjected to the same torque.

The torque applied to the model was calculated by assuming that the whole force
applied in the model was applied at the centre point of the load face of the tenon. The
distance from the point about which this force was applied, r, was therefore equal to
the inner radius o f the disc segment at the tenon, plus half the width of the load face.
The torque T applied to the model resulting from the load F applied to the model
could then be calculated using Equation 28. For the small and large disc segment
models, the distances (r) between the points at and about which the force was applied
were 92.9 and 110.9 mm respectively.

T —Fr

Equation 28

Since the plots o f principal strains versus torque obtained from the torsion strength
tests were not perfectly linear (Section 9.2.2), it was considered useful to compare the
strains predicted by the FE model with those measured on the disc segments at more
than one point on the graph. Since the model is linear, the strains predicted by the
model resulting from a load of 10 kN will be twice those predicted by the model for a
load o f 5 kN. To ensure that this was correct, the small disc segment model was
solved with a load of 10 kN. The principal strains will double if the individual strain
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components used to calculate them are doubled, while the principal angle remains
invariant. For the small disc segment, it was decided to compare the measured strains
with those predicted by the model at one, two and three times the load equivalent to
that applied to the model and for the large disc segment at one and two times the load
equivalent to that applied to the model. The torques that comparisons were made at
were calculated using Equation 28 and are shown in Table 9.2.

Force applied to load face

Equivalent torque applied to disc segment / Nm

o f disc segment / kN

Small disc segment

Large disc segment

5

464.5

554.5

10

929

1109

15

1393.5

-

Table 9.2

Torques at which comparisons were made between strains predicted by

the FE model and experimental strains.
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M easured strains versus model for the small disc segments

Type o f strain

FE model results
Constrained

Constrained

by bolts

on swept area

Experimental results
Average

s.d.

% s.d.

n

Results at torque of 464.5 Nm (equivalent to 5 kN load in FE model)
Max. Principal Strain (SGI)

373

469

356

171

48

4

Min. Principal Strain (SGI)

-706

-821

-702

264

38

4

Max. Shear Strain (SGI)

1080

1290

1058

417

39

4

Principal Angle (SGI)

-15.9°

-22.5°

-7°

10°

-

4

In-plane Strain (SG2)

1480

1120

791

146

18

4

Through-thickness (SG2)

-106

-50

52

71

136

4

Results at torque of 929 Nm (equivalent to 10 kN load in FE model)
Max. Principal Strain (SGI)

746

938

688

178

26

4

Min. Principal Strain (SGI)

-1412

-1642

-1316

197

15

4

Max. Shear Strain (SGI)

2160

2580

2004

289

14

4

Principal Angle (SGI)

-15.9°

-22.5°

-12°

8°

-

4

In-plane Strain (SG2)

2960

2240

1631

210

13

4

Through-thickness (SG2)

-212

-100

238

31

13

4

Results at torque of 1393.5 Nm (equivalent to 15 kN load in FE model)
Max. Principal Strain (SGI)

1119

1407

908

132

15

4

Min. Principal Strain (SGI)

-2118

-2463

-1736

278

16

4

Max. Shear Strain (SGI)

3240

3870

2644

205

8

4

Principal Angle (SGI)

-15.9°

-22.5°

-16°

5°

-

4

In-plane Strain (SG2)

4440

3360

2573

323

13

4

Through-thickness (SG2)

-318

-150

402

92

23

4

‘SG 1’ and ‘SG 2 ’ denote Strain Gage 1 and Strain Gage 2 respectively

Table 9.3

Average strains measured on small disc segment for comparison with

the finite element model (all strains in microstrain).

Table 9.3 compares the strain data predicted by the FE model with the average
experimentally measured strain data for the small disc segments, at the torques given
in Table 9.2. Since the experimentally measured strains given in this table are
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averages o f the strains measured at the given torques on the four small disc segments
tested with strain gages attached, their values are not identical to those at the same
torques in the graphs shown in Figure 9.5, which show strain versus torque for a
single disc segment selected as typical. The experimentally measured principal angles
shown in Table 9.3 have been adjusted so that they are defined with respect to the
same axes as those predicted by the FE model, so as to be directly comparable with
them. This is because the experimentally measured principal angle is the angle
between the strain gage axes and the principal strains, with positive angle measured
anticlockwise from them, as stated in Section 9.2.2 and is therefore not the same as
the principal angle predicted by the model, which is measured from the model x and
y axes. In order to compare the two, both the angle between the strain gage axes and
the model x and y axes and the fact that the strain gages were attached to the
opposite face of the disc segment in the equivalent position to that used for Path 1
need to be accounted for (see Appendix D for exact method). The principal angles
shown in Table 9.3 are defined such that an angle measured in the anti-clockwise
direction from the x and y axes used in the FE model (Figures 7.4 and 7.5) is
positive, while an angle measured in the clockwise direction is negative.

Small Disc segment model constrained by bolts
Initial comparison of the strain state measured by Strain Gage 1 (Figures 9.5 (a) and
9.6 (a)) reveals marked similarity with the strain state predicted by the FE model at its
position on Path 1 (Figure 8.8 (b)). Both consist of a tensile maximum principal strain
and a compressive minimum principal strain, with the minimum principal strain
approximately twice the magnitude of the maximum principal strain.

For the small disc segments, there was good agreement between the strains measured
experimentally by Strain Gage 1 and those predicted by the FE model constrained by
bolts (differences between them are 5 %, 1 % and 2 % for e^x, emin and Ymax
respectively) at ~25 % of the average failure torque (464.5 Nm) and well within the
standard deviations in the experimentally measured strains at this torque (Table 9.3).

The strains measured by Strain Gage 1 were all smaller than those predicted by the
model, although not by a large amount. A possible reason for this is shown in Figure
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9.8. Although there is good agreement between the slopes until the upper third of the
loading range, the modelling results are higher because the strains do not start rising
immediately after torque is applied. Whilst the graph upon which the FE results are
superimposed is that of a single typical test, this behaviour is representative of the
other three small disc segment tests. A possible reason for this behaviour is that since
the torque is calculated from the force applied to the edge of the flywheel rather than
that actually applied to the tenons, the extra torque required to overcome any
frictional resistance to the movement of the flywheel would also be included in the
measured torque.

4000

Ymax (model)

m ax

2000

m ax

-2000

-4000
1000
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1500

2000

Torque / Nm

Figure 9.8

Superposition of r e model results (constrained by bolts) onto typical

experimental results from torsion strength tests on small disc segment, showing
principal strains and maximum shear strain measured by Strain Gage 1.

The principal angle predicted by the model is within one standard deviation of that
experimentally measured by Strain Gage 1 (Table 9.3). However, the strains measured
by Strain Gage 2 do not exhibit such good agreement with the model as those
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measured by Strain Gage 1. This is the case for both the in-plane and throughthickness strains (Figure 9.9).
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Figure 9.9

Superposition of FE model results (constrained by bolts) onto typical

experimental results from torsion strength tests on small disc segment, showing in
plane and through-thickness strains measured by Strain Gage 2.

The through-thickness strain predicted by the model is of opposite sign to the
experimentally measured strain (-106 |i£ compared to 52 ± 71 pe) at -25 % of the
average failure torque (464.5 Nm) and outside the standard deviations in the
experimentally measured strains at this torque (Table 9.3). That a negative
(compressive) through-thickness strain was predicted by the model in a region of
positive (tensile) in-plane strain is unsurprising, since the through-thickness Poisson
ratios (Vo = V23 = 0.3) were entered into the model as positive. This was because the
experimentally measured Poisson ratios showed non-linearity and inconsistent
behaviour between specimens making a reliable value impossible to determine
(Section 6.4). However, that the through-thickness strain measured experimentally on
the disc segments was positive was unexpected. As discussed in Section 9.2.2, this
may imply negative Poisson’s ratio behaviour. An alternative explanation is that since
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a positive through-thickness strain exists in the region beneath the load face due to the
compression of the material there, this should act so as to attempt to separate the
layers of the material. If these layers are resistant to bending, this ‘separation effect’
may extend into the fillet curve region, even though that region is in in-plane tension,
thereby resulting in a positive through-thickness strain in the fillet curve region.

The tensile in-plane strain predicted by the model is higher than the average
experimentally measured strain by 87 % (1480 p£ compared to 791 ± 146 |i£) at -25
% of the average failure torque (464.5 Nm) and well outside the standard deviations in
the experimentally measured strains at this torque (Table 9.3). There are three
possible explanations for this. Firstly, since ANSYS 5.7 does not have the option of
specifying separate tensile and compressive Young’s moduli, the compressive
Young’s modulus was used for the disc segment models. This is lower than the tensile
modulus by 26 %, i.e. Et > Ec (Tables 6.6 & 6.7). Therefore the model will predict a
strain o f larger magnitude if it uses the compressive modulus rather than the tensile
modulus in regions o f tension. However, this does not account for the magnitude of
the difference between the model and experimental results.

The second possible explanation is the difference between the loading method in the
model and in the torsion strength test. The FE model was loaded by applying a force
on the load face nodes, which were coupled so as to constrain them to equal
displacement in the y -direction. This effectively meant that loading was by means of
an infinitely stiff body. In the torsion strength test, the tenon was loaded by contact
with one of the ridges on the steel torque tube, which although stiffer than the carboncarbon composite would be expected to deflect slightly during loading such that its
maximum deflection would be at its tip, i.e. nearest to the fillet curve. It seems likely
that this would be accompanied by a correspondingly larger deflection at the end of
the tenon furthest away from the fillet curve, thus leading to a lower strain at the fillet
curve compared to that resulting from the loading method used in the model.
Additionally, since the comer o f the torque tube ridge is slightly rounded rather than
being a right angle, the stress and strain concentrations next to the load face of the
disc segment associated with the edge of the area of load application (that can be seen
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in Figures 8.9 & 8.10) might not be so great as in the model, possibly affecting the
measured strains by changing the strain fields in this region.

A further point is that the existence of a steep strain gradient on the fillet curve
predicted by the model (Figures 8.9 & 8.10) means that the in-plane strain measured
at this point is likely to be highly sensitive to the position of the strain gage relative to
the strain gradient. Therefore any small change in the position of this strain gradient,
due to the exact loading method in the model, or the exact positioning of Strain Gage
2 on the disc segment would be likely to affect the difference between the in-plane
strain predicted by the model and that measured by Strain Gage 2. On reflection,
perhaps the position o f Strain Gage 2 is a difficult one at which to test the model,
although the choice o f strain gage locations was limited by the presence of the dummy
rotors and the torque tube.

Effect o f increased torque
At a higher torque o f ~50 % of the average failure torque (929 Nm), there was still
good agreement between the strains measured experimentally by Strain Gage 1 and
those predicted by the FE model constrained by bolts (Figure 9.8). Although the
differences had increased slightly to 8 %, 7 % and 8 % for £max, Emin and ymax
respectively, these were still smaller than the standard deviations in these
experimentally measured strains at this torque (Table 9.3). As for the strains measured
at 464.5 Nm, this could be due to the fact that the experimentally measured strains do
not start rising immediately after the torque is initially applied (Figure 9.8 (a)).

At the highest torque o f ~75 % o f the average failure load (1393.5 Nm), the
differences in the magnitudes of the strain predicted by the model had increased
further to 22 %, 23 % and 22 % for emax, Emin and ymax respectively and were larger
than the standard deviations in the experimentally measured strains at this torque. As
for the strains measured at 464.5 Nm and 929 Nm, part of this is probably explained
by the fact that the experimentally measured strains do not start rising immediately
after the torque is initially applied, however this does not explain why the percentage
differences in strain are larger. This is because this effect should result in the strains
predicted by the model being larger by a approximately constant amount once a strain
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started to be measured at a low torque, therefore the percentage difference between
the strains predicted by the model and those experimentally measured should decrease
with increasing torque, since the absolute difference stays approximately the same
while the strain itself increases. Therefore this does not explain the deviation between
the model and experimental results.

An obvious explanation would be that this reflects the non-linear stress-strain
properties o f the material (Chapter 6). However, the deviation from linearity in
tension and compression was small for the materials other than DAMZZ tested in
material direction 2. Additionally any non-linear stress-strain behaviour observed was
such that the slope o f the stress-strain plot decreased with increasing slope, i.e. a
larger amount o f strain resulted from each increment of stress. However, in the torsion
strength tests, as torque increased, the slope was such that a smaller amount of strain
resulted from each subsequent torque increment (Figure 9.8 (a)).

The tensile in-plane strain measured by Strain Gage 2 remained much higher than that
predicted by the model with increasing torque, however the percentage difference
between the two fell slightly, from 87 % at 464.5 Nm to 73 % at 1393.5 Nm (Table
9.3). For the through-thickness rosette element, the strains remained of opposite sign.

Model using constrained swept area
The FE model constrained on swept area predicted larger strains in the position of
Strain Gage 1 and smaller strains in the position of Strain Gage 2 than did the FE
model constrained by bolts (Table 9.3). Therefore there was not such good agreement
with the strains measured by Strain Gage 1 and smaller discrepancies with the strains
measured by Strain Gage 2. Since comparison was made with the same experimental
results as was the FE model constrained by bolts, similar widening differences
between the model results and the strains measured by Strain Gage 1 were observed.

Given the better agreement between the experimentally measured strains and those
predicted by the FE model constrained by bolts, a likely explanation is that the FE
model constrained on swept area does not predict the experimentally measured strains
as well because it is a less realistic representation of the actual constraint of the disc
segment in the test rig. This point can be justified by considering the original reason
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that the two model constraint methods were used. These were intended to represent
the two extremes in the constraint o f the disc segments, with the actual case expected
to be somewhere between the two. It seems probable that the actual constraint is
closer to the ‘constrained by bolts’ condition, because although for the actual disc
segments there is certainly constraint in z -direction displacement on the swept areas,
there is unlikely to be zero in-plane ( x - y ) displacement on the swept areas. The
reason that the stator disc or disc segments are bolted between the dummy rotors for
both disc strength and single drive tests is that the frictional force between the discs is
insufficient to break the tenons (Section 9.1.2), therefore implying that the swept areas
are not constrained to zero x - y displacement. The reason that the predicted strains in
the position of Strain Gage 1 are larger for the constraint on swept area method may
be that since the surface is constrained to zero displacement close to the strain gage
position (6 mm from it) then the stress is effectively concentrated in the tenon region,
at least at the surface o f the disc segment, compared to the constraint on bolts method.
Therefore the strain predicted in this position will be higher.

9.3.3

Measured strains versus model for the large disc segments

The experimental and model results for the large disc segment are compared in Table
9.4. The same general trends were observed as for the small disc segments with
respect to increased torque and the effect of the constraint method of the FE model.
However, the amount by which the strains predicted by the model were larger than
those experimentally measured was greater than that observed for the small disc
segments. For the large disc segments, the strains predicted by the FE model
constrained by bolts were larger than the strains measured by Strain Gage 1 by 45 %,
13 % and 24 % for Emax, Emin and ymax respectively at -35 % of the average failure
torque (554.5 Nm) and much greater than the percent standard deviations in the
experimental measured strains at this torque (Table 9.4). At a torque of -7 0 % of the
average failure torque (1109 Nm), these differences had decreased to 32 %, 5 % and
14 % for Emax, Emin and Ymax respectively and were smaller than the percent standard
deviations in the experimentally measured strains at this torque for Emm and ymax and
larger for Emax (Table 9.4). That the percentage difference was greatest for the
maximum principal strain, which is tensile, might be due to the compressive Young’s
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modulus being used in place o f the tensile Young’s modulus, however this should also
have affected the results from the small disc segment.

Although this suggests that the model does not predict the strains as accurately for the
large as for the small disc segment, the smaller sample size should be considered, as
should the fact that the validity o f the measure standard deviation diminishes at very
small sample sizes. The sample sizes of the measured strains for Strain Gage 1 are
smaller than the number of large disc segments tested with strain gages attached
because the strain signals were lost, probably due to a short circuit, in two of them in
torque regions overlapping the torques at which comparisons were made.

FE model results

Type o f strain

Constrained

Constrained

by bolts

on swept area

Experimental results
Average

s.d.

% s.d.

n

Max. Principal Strain (SG 1) 450

647

311

55

18

3

Min. Principal Strain (SG 1) -705

-895

-623

24

4

3

Max. Shear Strain (SG 1)

1156

1542

934

32

3

3

Principal Angle (SG 1)

-23.6°

-29.2°

■
"4e

Results at torque of 554.5 Nm (equivalent to 5 kN load in FE model)

6°

-

3

In-plane Strain (SG 2)

1360

1100

923

175

19

4

Through-thickness (SG 2)

-63

-45

118

89

75

4

Results at torque o f 1109 Nm (equivalent to 10 kN load in FE moc el)
Max. Principal Strain (SG 1) 900

1294

680

84

12

3

Min. Principal Strain (SG 1) -1410

-1790

-1341

525

39

3

Max. Shear Strain (SG 1)

2312

3084

2021

443

22

3

Principal Angle (SG 1)

-23.6°

-29.2°

-29°

9°

-

3

In-plane Strain (SG 2)

2720

2200

1688

420

25

4

Through-thickness (SG 2)

-126

-90

463

236

51

4

‘SG 1’ and ‘SG 2 ’ denote Strain Gage 1 and Strain Gage 2 respectively

Table 9.4

Average strains measured on large disc segment for comparison with

the finite element model (all strains in microstrain).
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9.3.4 Summary

In summary, the following points can be made regarding the differences between the
strains predicted by the FE models and the experimentally measured strains: -

1.

The small disc segment model constrained by bolts showed good agreement
with the strains and reasonably good agreement with the principal directions
experimentally measured by Strain Gage 1.

2.

The models generally predicted higher magnitudes of strain than were
measured experimentally by Strain Gage 1. This effect appears to be partially
due to the fact that strain is not detected until a small amount of torque has
been applied, possibly due to frictional resistance in the test set-up.

3.

For

the small disc segment, the differences between predicted and

experimental measured strains increased in size at higher applied torque. At
present there is no satisfactory explanation for this.
4.

The difference between the model and the experimental results was greater for
the model constrained on swept areas than the model constrained by bolts,
implying that the latter constraint method more accurately reflects the actual
constraint of the disc segment in the torque test.

5.

The small disc segment model constrained by bolts predicted an in-plane
strain approximately 80 % higher than those experimentally measured by
Strain Gage 2. This may be due to the loading method or the existence of a
steep strain gradient on the fillet curve.

6.

The difference between the model and the experimental results was greater for
the large disc segment than the small disc segment, but the small sample
population for the larger disc segment tests means that these results should be
treated with caution.

Given the above observations, it can be concluded that the FE models constrained by
bolts formed a reasonable approximation to the measured strain state, which for the
small disc segments was excellent at the first two torques at which comparisons were
made, Table 9.3. The fact that this load method is a more accurate representation of
the loading of the disc than the constrained on swept area method agrees with the fact
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that the discs have to be bolted in during a torsion strength test, since there is not
enough frictional force to hold the discs in place.

[1] Johnson D, Dunlop Aerospace. Private communication (2002).

277

Chapter 10

Summary and Conclusions

CHAPTER 10
SUMMARY, CONCLUSIONS AND FURTHER WORK
10.1

Summary and Conclusions

This section first summarises the results of the mechanical tests and the conclusions
that can be drawn from them. This is followed by the summary and conclusions from
the finite element modelling, dealing firstly with the layered block models and
secondly the disc segment models. Finally, conclusions are drawn from the
comparison o f the finite element results with the torsion strength tests.

10.1.1 Mechanical testing of model materials and DISC material

The mechanical testing o f the model materials and the DISC material was successful,
once the problems of non-valid failure modes had been overcome and a consistent
method for the estimation o f modulus selected. Although non-valid failure modes
were observed in the tensile and shear specimens, for the tensile specimens these
merely result in the tensile strengths (Table 6.6) being conservative estimates o f the
actual failure strengths. The existence of some valid failure modes for some o f the
tensile specimens suggests that the true strengths are likely to be close to these
conservative estimates of strength. The measured values of moduli were unaffected by
these non-valid failure modes. The compressive failure modes were valid, consisting
of compressive diagonal cracking, longitudinal splitting or a combination of these,
with splitting more prevalent when there was continuous fibre parallel to the loading
direction. These types of failure mode are similar to both those reported by L e i g h i n
compressive tests on Dunlop carbon-carbon composite and the failure mode observed
in disc tenons subjected to torsion strength tests. In specimens whose layers were
misaligned with the loading direction the splitting failure mode always occurred; such
specimens were not included in the mean strengths and moduli. For the shear tests,
non-valid failure modes prevalent in certain specimen orientations were largely
overcome by repeating some o f the tests using end-tabbed specimens, which reduced
the number o f non-valid failure modes. Microscopic examination of the fracture
surfaces suggested that in general, cracks passed either through the staple layers or
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along the staple-continuous layer interface, except where specimen orientation forced
them to pass through continuous layers.

Stress-strain behaviour closely approximated to linear in some tests but was non
linear in others. The non-linear behaviour on a stress-strain plot predominantly
consisted of a decreasing gradient with increasing stress; in this section ‘non-linear*
refers to this type o f non-linear behaviour unless stated otherwise. The tensile
specimens mostly exhibited a very close approximation to linear behaviour.
Exceptions to this were the DAMZZ Direction 2 specimens (loaded perpendicular to
the continuous fibres) where non-linear behaviour was observed and the DAMZZ
Direction 3 specimens (loaded perpendicular to the layers) where half of the
specimens exhibited non-linear behaviour with the gradient either increasing or
decreasing with increasing stress. The compressive specimens exhibited a slightly
non-linear stress-strain response, which was not particularly prominent except in
DAMZZ Direction 2, at strains above those at which the other compressive specimens
(except DAMZZ Direction 3) had broken. Although the stress-strain curves of many
compressive specimens were complicated by the presence of a ‘toe’ region of
increasing or decreasing gradient near the origin, this was explained in Section 6.3.2
as arising from the load faces of the specimens being misaligned with the plattens as a
result of machining error. The shear stress-strain response was generally non-linear;
this was most prominent for the through-thickness specimens, at strains above which
in-plane specimens had broken. However, it was also observed to a lesser extent in the
in-plane strains. The presence o f non-linear behaviour combined with an appreciable
scatter in the failure strains necessitated the selection of a strain region for modulus
determination, which was limited by the lowest in-plane failure strain, that of DISC
material. Since non-linear behaviour was not observed in directions where there was
continuous fibre parallel to the loading direction, one possible origin of the non-linear
behaviour, in tension at least, may lie in the staple layers, perhaps due to fibres and
their associated matrix sheaths being straightened out at the same time as being
stretched. This could happen since the matrix does not completely fill the staple
layers, which might prevent this from occurring.

The tensile and compressive specimens exhibited a large degree of scatter, compared
to the elastic moduli, and non-linearity in their transverse strain response. Some of the

279

Summary and Conclusions

Chapter 10

tensile specimens exhibited negative Poisson’s ratio behaviour, or a transverselongitudinal strain curve tending towards negative Poisson’s ratio behaviour as
longitudinal strain increased, with inconsistent behaviour between specimens of the
same material and orientation. The compressive specimens exhibited some negative
Poisson’s ratio behaviour, however, the transverse strain in the though thickness
direction, which exhibited a negative Poisson’s ratio in many tensile specimens, was
not measured on the DISC and DAMZN compressive specimens. One possible
explanation for negative Poisson’s ratio behaviour could be due to relaxation, for
example by microcracking, o f compressive stresses that were introduced during
fabrication, which could lead to a volume increase. Other possible explanations are
discussed in Section 6.4.3.

The tensile strengths o f DAMZZ ranged from 3.4 MPa in the through-thickness
direction to 204 MPa in the continuous fibre direction, underlining the extreme
anisotropy o f the material. The moduli, which were later used in the layered block
models as the elastic properties of individual layers, ranged from 3.3 GPa in the
through-thickness direction to 78 GPa in the continuous fibre direction. The in-plane
tensile strength o f DISC material was 57 MPa and the tensile modulus 34 GPa. These
are lower than the values in the DAMZZ continuous fibre direction because the
continuous fibre directions are arranged in several in-plane directions. The
compressive strengths of the material were lower than the tensile ones, except in the
through-thickness direction where the compressive strength was higher. The
compressive strengths o f DAMZZ were 60 MPa in the through-thickness direction, 44
MPa in the transverse direction and 161 MPa in the direction of the continuous fibres.
It seems likely that the reduction in strength in comparison to the tensile strength is
due to the splitting failure mechanism, meaning that the failure strength o f the fibres
does not have to be reached for failure to occur. In contrast, the increased strength in
the through-thickness direction can be explained by the fact that the layers do not
break apart in compression due to the lack of through-thickness fibre reinforcement as
they do in tension, but instead are crushed together until sufficient stress is reached for
diagonal cracking to occur. That the moduli of DAMZZ are all lower in compression
(2.1 to 56 GPa) than in tension (3.3 to 78 GPa) might be explained by the fact that the
stiff fibres can buckle slightly in compression in addition to purely longitudinal elastic
deformation. As was the case in tension, and for the same reasons, the strength and
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moduli of DAMZN and DISC material were intermediate between those of DAMZZ
parallel and perpendicular to the continuous fibre direction, for example the
compressive strength o f DISC material in Direction 1 was 69 MPa and the
compressive modulus 27 GPa.

Note that the in-plane strengths o f DAMZN and DISC material seem low compared to
other 2D layered carbon-carbon composites, for example those shown in Table 1.2
and Figure 1.7 (see Section 1.2.6) as typical properties. Here it should be remembered
that many 2D carbon-carbon composites, whether of a 0-90° lay-up or a quasi
isotropic lay-up, consist of layers o f either densely packed continuous fibres or of
woven continuous fibres. Both these lay-ups will result in a higher fibre volume
fraction and consequently higher strength and stiffness than a composite consisting of
DAM layers due to the presence o f staple (felt) material with lower fibre volume
fraction (-5 %) and poorer fibre alignment than in the continuous layers (volume
fraction -3 0 to 35 %).

Both tensile and compressive strengths are lower than the flexural strengths measured
by Leigh [1] using the three materials and direction combinations tested in both his
project and this one (DAMZZ Directions 1 and 2, DAMZN Direction 1). This maybe
attributed to the flexural specimens used in Leigh’s work containing a smaller region
subjected to the peak loads than the tensile and compressive specimens used in this
study, therefore being less likely to contain fatal flaws. The flexural moduli were mid
way between the tensile and compressive values for the same material and
orientations, as would be expected for a material with different tensile and
compressive moduli, since part of the flexural specimen is in tension and part in
compression.

The in-plane shear strengths were similar for DISC material (40 MPa), DAMZN (34
MPa) and DAMZZ tested in Orientation 12 (41 MPa). The in-plane shear strength of
DAMZZ tested in Orientation 21 (30 MPa) was slightly lower, which is reasonable
since although the shear state was nominally identical the constraint was different.
The in-plane shear moduli were highest for DISC material (11 GPa) and
approximately twice that of the in-plane shear moduli of DAMZZ (6.2 GPa and 5.8
GPa in Orientations 12 and 21 respectively) and DAMZN (6.4 GPa). This is probably
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attributable to the fact that layers at angles other than 0° and 90° are present in DISC
material, some of which would have been oriented so as to experience tension during
the shear test. Given the stiffness o f continuous fibres in tension, their presence
should result in DISC material having higher in-plane shear stiffness than DAMZN.
The same argument would suggest that the shear modulus of DAMZN if tested at 45°
to the in-plane material axes should be similarly higher. For comparison, the shear
moduli measured in DAMZZ and DAMZN are only around one and a half times as
much as the shear modulus of graphite, 4.5 GPa [2], or the shear modulus Gn for a
typical unidirectional graphite-polymer composite, 4.40 G P a[3].

The through-thickness shear strength o f DISC material (12 ± 1 MPa) measured in this
work compares favourably with the average interlaminar shear strength of DISC
material measured in quality control tests at Dunlop Aerospace by the double punch
shear test method, which is 11 MPa [4]. The through-thickness shear moduli of DISC
material and DAMZN were 1.3 GPa and 1.4 GPa respectively. For comparison, this is
lower than that o f graphite, a fact that is unsurprising given the presence of voids in
the material.

It was shown in Section 6.6 that the through-thickness properties were positively
correlated with specimen density. This appears reasonable since lower density means
more porosity and hence lower strengths and moduli. However, the variations in the
in-plane properties were mostly unrelated to the density over the range of densities of
the specimens tested, suggesting that the fibre properties were dominant over the
matrix properties. Conversely, in the through-thickness direction, where there is no
long range fibre reinforcement, matrix properties are dominant in determining the
overall mechanical properties.

In summary, the mechanical tests provided an extensive set of mechanical properties
for the Dunlop carbon-carbon composite in several orientations and three lay-ups.
Non-valid failure modes were not a major problem but resulted in some of the failure
strengths being conservative. Some non-linearity was observed in the stress-strain
curves but this was minor except in tension and compression in the transverse
direction at strains above which the material had failed when tested in other directions
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and in shear. Consequently, this non-linearity did not pose a great problem for the
estimation o f elastic moduli. The transverse strain behaviour of the material was both
unusual and inconsistent. As a result, accurate Poisson’s ratios could not be
determined, although there was some evidence of negative Poisson’s ratio behaviour
mainly in tension. The average scatters in the strengths were ~17 % in tension, -1 1 %
in compression and ~15 % in shear, which is unsurprising given the heterogeneous
and flaw containing nature o f the material. Interestingly the average scatter in the
tensile and compressive moduli were slightly larger, approximately 19 %, possibly
due to slightly differing numbers o f layers between specimens.

10.1.2 Finite element models of layered blocks and disc segments

The methods devised to model this material, i.e. firstly considering layers as separate
entities and secondly considering the bulk composite as a single material possessing
in-plane isotropy, both worked well given the natural scatter in the properties of the
material.

Layered block models
The elastic moduli predicted by the layered block models showed good agreement
with the experimentally measured elastic properties of the material lay-ups that they
simulated. For the tensile and compressive layered block models, the Young’s moduli
predicted by the FE models were in agreement with the experimental results to within
7 % and 12 % for DAMZN and DISC material respectively (Table 8.1). This was
within the standard deviation in the experimentally measured in-plane Young’s
moduli o f DAMZN and DISC material. For the shear specimens, the shear moduli
predicted by the FE models were in agreement with the experimental results to within
3 % and 24 % for DAMZN and DISC material respectively (Table 8.2). This was
within the standard deviation in the experimentally measured in-plane shear modulus
o f DAMZN (6 %) and slightly higher than the standard deviation in the
experimentally measured in-plane shear modulus of DISC material (22 %).

These results suggest that the use of layered modelling, which relies upon an isostrain
assumption between the layers, can be of use in predicting the elastic properties of
different lay-ups o f the Dunlop carbon-carbon composite from the properties of the
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individual layers obtained from testing a 0-0° arrangement of these individual layers.
This is the case even though such layers are themselves duplex layers. This result is
particularly encouraging given that the properties entered into the model (measured on
DAMZZ) exhibited themselves similar scatter to the experimentally measured
properties that the model results were compared to. It is perhaps worth noting here
that given the proximity of the in-plane elastic properties of DAMZN and DISC
material, plus the scatter in the mechanical properties of all the materials (of the order
of 19 % in tension and compression and 12 % in shear), the calculation of the
properties o f slightly different lay-ups of a generally quasi-isotropic nature would not
be particularly useful. This is because the differences in the properties predicted by
these models would be likely to be smaller than this scatter. However, estimation of
the properties o f lay-ups that are more directional (e.g. 0-90-0°) would not face this
problem.

The agreement between the results of the model and the experimental results was
apparent once an appropriate method had been found to constrain these models so as
to replicate the required strain states. Distortion resulted from insufficient constraint
applied to the models and was most severe when the blocks were loaded in shear. It is
important to note that these problems largely stem from the fact that modelling such a
portion o f the composite will involve end effects, whereas what is really required in
order to predict the properties is to model an element of an infinite body. This would
likely require different boundary conditions / constraint. Another possibility would
have been to use a simple laminate program in order to predict the properties; this
would also predict the in-plane curvatures from the non-symmetrical DISC material
lay-up. This would most likely confirm that the curvature experienced over a piece the
size o f a disc is negligible.

Disc segment models
The orthotropic tenon models predicted stress distributions in the disc segments
which, aside from a stress concentration at the edge of the load face that might be
partially attributed to the loading method, were greatest in the tenon region
immediately beneath the load face. The stresses predicted in this region were
compressive as expected. Along Paths 1 and 2 (Figure 7.10) the model predicted zero
stresses normal to free surfaces as expected. Stresses and strains predicted by the
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model were also o f reasonable magnitude with respect to the measured failure stresses
o f the material at the proportion o f experimentally measured tenon strength that the
model was loaded to. The exception to this was in a stress concentration at the edge of
the load face, where stresses were much higher. This was attributed to the loading
method, which effectively simulated an infinitely stiff torque tube. The model
suggested that in-plane stresses are dominant, that there is a crushing stress in the
tenon region and that the tenon will begin to splay outwards laterally upon loading, as
observed in practice (Figure 9.4).

Overall stress and strain distributions were very similar for both the small and large
disc segments. The squared disc segment geometry did not result in differences of
significant magnitude from the standard disc segment geometry, implying that such a
geometry could be useful in simple tests on experimentally modified tenons.
However, the constraint method applied to the model caused significant differences in
both the stress and strain distributions and in the magnitudes of the strains predicted
on the pathplots in the strain gage positions.

10.1.3 Comparison of FE model results with torsion strength tests

The strains predicted by the disc segment models in the positions equivalent to those
occupied by the strain gages were discussed in Sections 9.3.2 and 9.3.3 and
summarised in Section 9.3.4. The primary observation was that the strains predicted
by the small disc segment model showed good agreement with the in-plane strains
measured experimentally by Strain Gage 1 (on the tenon close to the swept area of the
disc) and were well within the experimental standard deviation. The in-plane strain
predicted by the small disc segment model was approximately 80 % higher than that
experimentally measured by Strain Gage 2 (on the fillet curve), but this discrepancy
was attributed to the existence o f a steep strain gradient on the fillet curve predicted
by the model. The difference between the strains predicted by the model and the
experimental results was greater for the large disc segment than the small disc
segment, however the small sample population meant these results should be regarded
with caution. Finally, the difference between the model and the experimental results
was greater for the model constrained on swept areas than the model constrained by
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bolts, implying that the latter constraint method more accurately reflected the actual
constraint of the disc segment during the torsion strength test.

From these observations it can be concluded that the FE models constrained by bolts
formed a reasonable approximation to the measured strain state in the torsion strength
test, which for the small disc segments was excellent. This constraint method was
considered to represent the constraint of the disc in the torsion strength test more
accurately than the constraint on swept area method. Given the scatter inherent in the
elastic properties of the material, which was manifested in both differences in strain in
identical positions on the different disc segments and the in the properties entered into
the model, the extent o f agreement observed was better than might be expected. As a
final point, it should be noted that the use of the compressive material properties in
the model for a material that actually has different properties in tension and
compression would be a further source of error in the model.

Overall, this work has shown for the first time that the FE method can be successfully
applied to model the static mechanical properties of a commercial carbon-carbon
composite used in aircraft disc brakes. As a result, extension of this approach to other
designs o f carbon-carbon composites and other applications may be undertaken with
confidence.
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Further Work

Further work on the Dunlop carbon-carbon composite can be divided into two parts,
research that builds upon the work in this thesis and research into other aspects o f the
composite and possible improvements to it. Recommendations for further research
that builds upon the work carried out in this thesis include guidelines that would be
useful in carrying out further mechanical tests, and finite element modelling work that
would be facilitated by the mechanical properties measured in this thesis. These will
be discussed in turn, followed by further work into other aspects of the composite that
might prove useful.

10.2.1 Further work relating to mechanical tests

Observations useful fo r similar mechanical tests
Although not itself further work, it would be useful to take into account observations
made during the mechanical tests undertaken in this work should further mechanical
tests be required on similar material. These largely concern the failure modes
observed in the mechanical test specimens. Should further mechanical tests be
required on materials similar to the Dunlop carbon-carbon composite, or other carboncarbon composites of similar fibre architecture, the following points, based around
problems encountered during this project, should be borne in mind: -

1.

For tensile tests, the use o f necked specimens is appropriate, with a degree of
waisting greater than that used for the tensile specimens used in this thesis.

2.

For compressive tests using platten loading, the use of a hemispherical bearing
block would be advisable and should avoid the deviations from linearity in the
‘toe’ region o f the compressive stress-strain curves, thereby allowing a more
accurate measurement of modulus and preventing premature failure resulting
from uneven loading across the specimen. Although not specified in the
standard used for the compressive tests [5], such a block is described in an
ASTM standard

that describes a similar platten loaded compressive test for

carbon and graphite.
3.

The above point would also be useful regarding quality control tests
performed by a similar method.
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4.

Broughton [7], states that many investigators have recommended the use of a
modified Wyoming rig for Iosipescu shear tests to improve the constraint of
the specimen and prevent displacement perpendicular to the plane o f loading.
Given that specimen twisting required strain gages to be applied to both the
front and rear faces o f the shear test specimens used in this work, the use of
such a rig for further tests seems advisable.

5.

Attachment of reinforcing end tabs to shear test specimens of the same
orientations for which they were found necessary in this work would be
advisable at the beginning of specimen preparation.

An additional point is that since it seems likely that the extent of density variation
between the specimens, which was shown in Section 6.6 to have been related to the
strength and moduli in certain orientations, was exacerbated by the manufacture of the
test material in blocks rather than discs or slabs, it would be advisable to avoid this
method in future. It may be possible to manufacture through-thickness tensile and
Iosipescu shear test specimens to measure interlaminar shear properties in
Orientations 31 and 23 using material only ~ 20 mm thick by adopting methods that
have been used with other laminated composites. For through-thickness tensile tests,
Broughton

describes specimens that can be made from material this thin, provided

that the interlaminar tensile strength is suitably low with respect to the bond strength
o f an adhesive required to mount the specimens. For Iosipescu shear tests to measure
interlaminar properties in Orientations 31 and 23, the building up through adhesive
bonding of a sufficient thickness of material might be used as recommended by both
o f the shear test standards [9,10] consulted in this work. Use of this method would be
conditional upon the bond strength of the adhesive used being greater than the
interlaminar shear strength o f the material. Alternatively, the use of slabs for the
specimens that did not require a thick piece of composite and the use of a block for
those that did would be another possibility, especially if only a few through-thickness
tests were required.

It is likely that shear strengths any higher than this would be difficult to measure
using the Iosipescu shear test, unless the compressive strength was higher, because the
material began to crush at the loading points of the Iosipescu rig before shear failure
could occur in many DAMZZ Orientation 12 specimens.
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Further work arising from the mechanical tests

Although the mechanical test program in this work was extensive, one important
question that remains unanswered is to what degree the in-plane compressive strength
o f the material is related to the through-thickness tensile failure strain, especially
when the splitting failure mode, rather than the diagonal cracking failure mode,
occurs. The disc segment model predicts the splaying outward of the tenon in the
vicinity of the load face due to Poisson expansion resulting from the in-plane load.
The issue of interest is whether reducing the Poisson expansion through the use of
some form of lateral restraint, thereby preventing the splitting failure mode, could
increase tenon failure strength. This could be easily confirmed by testing the material
in compression in the in-plane direction whilst applying a clamping force to the
specimen in the through-thickness direction. Should this prove successful, one option
that might increase tenon strength is a steel clip around the tenon similar to that used
on the rotor discs, although this need not actually form the contact between the tenon
face and the load bar, as is the case with the rotors. A possible alternative to this
might be to reduce the possibility of splitting using through-thickness needling in the
tenon region. Whether this would increase or decrease the in-plane mechanical
strength would need to be determined first by further compressive tests.

10.2.2 Further FE modelling work

Using the mechanical properties measured in this work, there are a number of
different FE models that may further the understanding of the material and the tenon
design.

Further work from the layered block model
Using the layered block model or variations on it, the following modelling could be
carried out: -

1.

Use of the failure criteria built into the ANSYS 5.7 program, i.e. the maximum
stress criterion, maximum strain criterion and Tsai-Wu criterion to determine
whether these predict failure in agreement with the experimentally measured
results for DAMZN and DISC material. All of the strength data required for
this is available from this work.
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2.

Estimation o f properties for different lay-ups, although as stated in Section
10.1.2, the properties of other lay-ups that are approximately quasi-isotropic
are likely to be in the region of the DAMZN and DISC material results. This
could be done in conjunction with use of the failure criteria.

3.

Comparison o f the properties with those predicted from a simple laminate
program.

Additionally, the investigation o f better boundary conditions or constraints would
produce more accurate results by preventing block distortion, since for the calculation
of overall mechanical properties; the simulation of an element of an infinite material
is required. Using less restrictive boundary conditions, it might also be interesting to
estimate the maximum degree of bending or twisting that might occur in this material
resulting from a non-symmetric lay-up.

Although it was noted in Section 10.1.2 that given the proximity of the in-plane
elastic properties o f DAMZN and DISC material to one another, plus the scatter in the
mechanical properties o f all the materials, the calculation of the properties of lay-ups
with only slight differences to these would not be particularly useful, the layered
block model could be used to determine the effect of inserting extra layers in a
particular direction. The insertion o f some extra layers, for example three extra layers
in the loading direction, might improve the strength of the tenon. To examine whether
this is the case, the tenon region could be modelled using the layered approach,
perhaps using a simplified geometry in order that a swept mesh type (Figure 3.3)
could be used thus allowing the use of layered elements. This might be done in
conjunction with the use of element failure criteria, provided that these had been
validated on the layered block models. Additionally, other components based on the
DAM layers might be modelled. Finally, the effect of varying the input parameters
over the likely range o f values for the different layer material properties (±1 s.d.)
could also be investigated.
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Further work from the disc segment model
Finite element modelling work that would be facilitated by the mechanical properties
measured in this thesis would be based around improving the modelling approach so
as to enable more realistic models o f the disc to be carried out. Specifically, these
might include: -

1.

Using a more realistic method of loading the disc or disc segment. For
example, part o f the steel load bar and torque tube could be modelled in
addition to the disc or disc segment and the load applied via this. This would
be more realistic than the method used in this work (Chapters 7 and 8) since
the deformation o f the torque tube would be simulated, resulting in a more
realistic calculation of the stress distribution in the tenon region. This could be
further refined by the use o f contact elements at the load face between the
torque tube and the tenon. These are specialised elements that can be used to
simulate two bodies in contact with one another and are available in the
program ANSYS 5.7.

2.

Using a more realistic method of constraint on the disc or disc segment. Closer
consideration o f how the disc or disc segment is actually constrained, whether
in a torsion strength test or during braking operations would be required. This
may involve simulation o f the braking force between the discs (in the z direction). Again, there is the possibility of using contact elements, although
these are computationally expensive and as a result are often used only in 2D
representations o f a system.

3.

Using a program that allows the use of different elastic properties in tension
and compression, which ANSYS 5.7 did not. Although for the layered block
models either a tensile or a compressive set was assigned depending upon the
type o f loading, for modelling a disc segment assigning different properties
could not be done due to the combination o f compressive and tensile stresses.

Two further refinements, which, whilst making the model more realistic seem
unlikely to improve the calculation o f the stress distributions of the disc given that the
scatter in the material properties is likely to have a larger effect, are: -
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Using cylindrical coordinates would enable the torque applied to be more
realistically represented than the application of a force perpendicular to the
load face. However, this would obviously increase the complication of the
model.

2.

The disc segment model could be refined to take account of material nonlinearity by using non-linear elements that can model orthotropic material.
However this would not be possible if using layered elements. The simplest
form o f this would be a bilinear approximation to the stress-strain curve where
one elastic modulus is used below a certain strain and another above this
strain. The modulus at the higher strain could be acquired from the stressstrain curves from mechanical tests.

Aside from refinements to the model which would improve the accuracy of the
calculation o f the stress distribution in the discs, other modelling that may be useful,
based around the simulation of certain aspects of the tenon, would be: -

1.

Investigation o f alterations to the tenon geometry, for example the tenon
aspect ratio and shape.

2.

Modelling of tenon with a steel clip attached to prevent lateral expansion of
the tenon near the load face as mentioned in Section 10.2.1.

3.

Modelling of the effect o f the contact geometry between the load bar and the
tenon. Since the load is applied to the tenon in the same way as in the
compressive tests, where any misalignment in the parallelism of the faces is
undesirable, any such misalignment due to machining error in the tenon load
face could also lead to premature failure. Modelling of this could quantify the
effect of machining error in the parallelism of the tenon load face and the
torque tube load bar.
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Once the modelling o f the constraints and loads on the disc had been refined, it might
be possible to model the brake operation more extensively incorporating thermo
mechanical strains and centrifugal forces. This could include the following: -

1.

To set up a workable model o f part of one or two discs, which exploits their
symmetries and to define boundary conditions realistically.

2.

Apply loads to the swept area corresponding to different braking operations,
which could be calculated from the braking force and the coefficient of
friction jn.

3.

Apply body loads simulating centrifugal force; these could be calculated from
disc brake speed and disc density.

4.

Thermo-mechanical strains could be obtained from the coefficient of thermal
expansion o f the material. A heat source could be applied based upon energy
dissipation during braking and a heat flow into the disc normal to the swept
area could be assumed. The heat loss to atmosphere could be assumed
negligible.

5.

Time dependent analysis to give the temperature profile as a function of time.

With regard to point 4 above, a method for the calculation of interface temperature is
described by H utton[ll], while Brady and K ulkam i[12] describe a method to determine
the global thermal conductivities in a laminated carbon-carbon composite starting
with the thermal conductivity components for the individual lamina or ply.

10.2.3 Other further work

Other further work that may be useful on the Dunlop carbon-carbon composite
includes the effect o f oxidation inhibitors on the rate of oxidation of the material and
the subsequent effect o f improving the strength after oxidation.

Another area of interest is the effect of siliconisation upon the wear, oxidation and
mechanical properties o f the composite. In terms of mechanical properties, it would
be of interest to determine in which orientation this has most effect on them. Should a
comprehensive set o f mechanical properties be required for a siliconised version of
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the Dunlop carbon-carbon composite, a sensible way to do this would be to repeat the
tests performed on DISC material in this thesis, since doing so would not require a
great number o f tests yet would enable the major differences in mechanical properties
to be assessed.

Finally, given that the isostrain assumption was validated for the Dunlop carboncarbon composite in the layered model, it might be of interest to extend its use and
apply a rule o f mixtures approach, which makes an isostrain assumption, to estimate
the effect of changing the type of fibres used. This would require using the volume
fraction o f the fibres and matrix to estimate the effective matrix properties and then
using these plus the properties of different fibres, e.g. pitch based to estimate the
properties o f a continuous layer with these different fibres. Since changing the fibre
properties might be expected to have less effect on the staple layer properties than on
the continuous fibre properties, these could be kept the same. O f course, given the
complications o f the material such an approach would have its limitations, however it
might be useful for scoping studies.
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APPENDIX A
EXAMPLE ANSYS MACROS
Using the ANSYS macros

In order to use the example macros, they were saved as text files in the A N S Y S
working directory and their file extensions removed. For example the file macro.txt
was changed to just macro. The A N S Y S working directory is the folder into which the
program writes its results and other files and can be specified upon starting the
program. The macros were then executed by typing the command *use,macro into the
A N S Y S input window where “macro” was the name assigned to the macro.

Example of macro used for small disc segment model:

/COL,PBAK,OFF
/TITLE,SMALLSEGMENT
/NOPR
/PMETH.OFF.O
KEYW.PR SET,1
KEYW.PR STRUC.l
KEYW,PR THERM,0
KEYW.PR FLUID,0
KEYW,PR ELMAG,0
KEYW,MAGNOD,0
KEYW,MAGEDG,0
KEYW,MAGHFE,0
KEYW,MAGELC,0
KEYW.PR MULTI,0
KEYW.PR CFD,0
/GO

MP,GXY,1,11E9
MP,GYZ,1,1.3E9
MP,GXZ,1,1.3E9

WPROTA,-18
CYL4,0.1301,0,0.00615„„0.015
WPROTA,36
CYL4,0.1301,0,0.00615„„0.015
WPROTA,36
CYL4.0.1301,0,0.00615„„0.015
WPROTA,-54

MP,EX,2,210E9
MP,PRXY,2,0.3
CYL4,0,0,0.0874,-36,0.1528,72,0.015
CYL4,0.0984,0.0012,0.006„„0.015
BLOCK,0.085,0.0984,0,0.0072,0,0.015
BLOCK,0.0984,0.1044,0,0.0012,0,0.015
CYL4,0,0,0.0874,-36,0.1044,0,0.015
WPROTA.36
CYL4,0.0984,-0.0012,0.006„„0.015
BLOCK,0.085,0.0984,-0.0072,0,0,0.015
BLOCK,0.0984,0.1044,-0.0012,0,0,0.015
CYL4,0,0,0.0874,0,0.1044,36,0.015

/PREP7
ET, 1,SOLID95,0„„0,0
KEYOPT, 1,9,0
KEYOPT.1,11,0
MP,EX,1,27E9
MP,EY,1,27E9
MP,EZ,1,2.1E9

WPROTA,18
CYL4,0.1301,0,0.00615„„0.015
WPROTA,-36
CYL4,0.1301,0,0.00615„„0.015
WPROTA,-36
CYL4.0.1301,0,0.00615„„0.015
WPROTA,18

VGLUE,ALL
VSEL,S,VOLU„l
VATT,2„1
VSEL,S,VOLU„2
VATT,2„1
VSEL,S,VOLU„3
VATT,2„1
VSEL,S,VOLU„4
VATT,1„1
VSEL,ALL
WPROTA,9
CSWPLA,11,0
N, 1,0.0874,0,0.015
N,2,0.1124,0,0.015
WPROTA,-9
CSDELE,11
CSYS,0

VSBV,1,ALL
MP.PRXY, 1,0.3
MP.PRYZ, 1,0.3
MP.PRXZ, 1,0.3

VPLOT
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Example of ANSYS macro used for simple block model

/COL,PBAK,OFF
/TITLE,SMALLSEGMENT
/NOPR
/PMETH,OFF,0
KEYW.PR SET.l
KEYW.PR STRUC.l
KEYW.PR THERM,0
KEYW.PR FLUID,0
KEYW.PR ELMAG.O
KEYW,MAGNOD,0
KEYW,MAGEDG,0
KEYW,MAGHFE,0
KEYW,MAGELC,0
KEYW.PR MULTI,0
KEYW.PR CFD.O
/GO
/PREP7
ET, 1.SOLID 191,,0,0,0,1
KEYOPT, 1,7,0
KEYOPT, 1,8,1
KEYOPT, 1,10,0
R, 1,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,0,0.001,
R,2,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,90,0.001,
R,3,1,0,0,0,1,
RMORE,0,„„
RMORE,1,35,0.001,
R,4,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,125,0.001,
R.5,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,70,0.001,
R,6,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,160,0.001,
R,7,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,105,0.001,
R,8,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,195,0.001,
R,9,1,0,0,0,1,
RMORE,0,„„
RMORE,1,140,0.001,
R, 10,1,0,0,0,1,
RMORE,0,„„
RMORE, 1,230,0.001,

MP,EX,1,56E9
MP,EY,1,9E9
MP,EZ,1,2.1E9
MP.PRXY, 1,0.3
MP.PRYZ, 1,0.3
MP.PRXZ, 1,0.3
MP,GXY,1,6.2E9
MP,GYZ,1,1.1E9
MP,GXZ,1,2.1E9
BLOCK,0,0.01,0,0.01,0,0.001
BLOCK,0,0.01,0,0.01,0.001,0.002
BLOCK,0,0.01,0,0.01,0.002,0.003
BLOCK,0,0.01,0,0.01,0.003,0.004
BLOCK,0,0.01,0,0.01,0.004,0.005
BLOCK,0,0.01,0,0.01,0.005,0.006
BLOCK,0,0.01,0,0.01,0.006,0.007
BLOCK,0,0.01,0,0.01,0.007,0.008
BLOCK,0,0.01,0,0.01,0.008,0.009
BLOCK,0,0.01,0,0.01,0.009,0.010
VGLUE,1,2
VGLUE,11,3
VGLUE,3,4
VGLUE,11,5
VGLUE,5,6
VGLUE,11,7
VGLUE,7,8
VGLUE.l 1,9
VGLUE,9,10
VSEL,S,VOLU„l
VATT, 1,1,1
VSEL,S,VOLU„2
VATT, 1,2,1
VSEL,S,VOLU„3
VATT,1,3,1
VSEL,S,VOLU„4
VATT, 1,4,1
VSEL,S,VOLU„5
VATT,1,5,1
VSEL,S,VOLU„6
VATT, 1,6,1
VSEL,S,VOLU„7
VATT, 1,7,1
VSEL,S,VOLU„8
VATT, 1,8,1
VSEL,S,VOLU„9
VATT, 1,9,1
VSEL,S,VOLU„l 1
VATT,1,10,1
VSEL,ALL

297

LESIZE,114,„10
LESIZE,115,„10
MSHAPE,0,3D
MSHKEY,1
VMESH,ALL
DA,5,UX,0
DA,11,UX,0
DA,17,UX,0
DA,23,UX,0
DA,29,UX,0
DA,35,UX,0
DA,41,UX,0
DA,45,UX,0
DA,53,UX,0
DA,24,UX,0
DL,1,1,UZ,0,1
DL,9,3,UY,0,1
DL,13,7,UY,0,1
DL,33,15,UY,0,1
DL,21,19,UY,0,1
DL,57,27,UY,0,1
DL,37,31,UY,0,1
DL,81,39,UY,0,1
DL,41,32,UY,0,1
DL,105,51,UY,0,1
DL,17,8,UY,0,1
/PNUM,VOLU,l
/NUMBER,0
/TRLCY.VOLU, 1,ALL,„
/VIEW,1,1,1,1
VPLOT

Appendices
Example of commands used to retrieve pathplot data

Pathplot 1
Requires nodes 1 and 2 to be pre-positioned at ends of pathplot.
/POSTl
PATH,One,2„50
PPATH,1,1
PPATH,2,2
/PBC,PATH„1
/REPLOT
AVPRIN,0,0.3
PDEF„EPEL,X,AVG
PDEF„EPEL,Y,AVG
PDEF„EPEL,Z,AVG
PDEF„EPEL,XY,AVG
PDEF„EPEL,YZ,AVG
PDEF„EPEL,XZ,AVG
PDEF„EPEL,1 ,AVG
PDEF„EPEL,2,AVG
PDEF„EPEL,3,AVG
PDEF„EPEL,INT,AVG
PDEF„EPEL,EQV,AVG

PDEF„S,X,AVG
PDEF„S,Y,AVG
PDEF„S,Z,AVG
PDEF„S,XY,AVG
PDEF„S,YZ,AVG
PDEF„S,XZ,AVG
PDEF„S,1,AVG
PDEF„S,2,AVG
PDEF„S,3,AVG
PDEF„S,INT,AVG
PDEF„S,EQV,AVG
PRPATH,EPELX,EPELY,EPELZ,EPELXY,EPELYZ,EPELXZ
PRPATH,EPEL1,EPEL2,EPEL3 ,EPELINT,EPELEQV
PRPATH,SX,SY,SZ,SXY,SYZ,SXZ
PRPATH,S1,S2,S3,SINT,SEQV

Pathplot 2
Nodes at end o f pathplot must first be visually picked as follows: Main Menu> General Postproc> Path Operations> Define Path> By Nodes
Name: Two, nSets: 30, nDiv: 30 for small disc segments, nDiv: 36 for large disc
segments.
The following commands were then used: /PBC,PATH„1
/REPLOT
AVPRIN,0,0.3
PDEF„EPEL,X,AVG
PDEF„EPEL,Y,AVG
PDEF„EPEL,Z,AVG
PDEF„EPEL,XY,AVG
PDEF„EPEL,YZ,AVG
PDEF„EPEL,XZ,AVG
PDEF„EPEL, 1,AVG
PDEF„EPEL,2,AVG
PDEF„EPEL,3,AVG
PDEF„EPEL,INT,AVG
PDEF„EPEL,EQV,AVG

PDEF„S,X,AVG
PDEF„S,Y,AVG
PDEF„S,Z,AVG
PDEF„S,XY,AVG
PDEF„S,YZ,AVG
PDEF„S,XZ,AVG
PDEF„S,1,AVG
PDEF„S,2,AVG
PDEF„S,3,AVG
PDEF„S,INT,AVG
PDEF„S,EQV,AVG
PRPATH,EPELX,EPELY,EPELZ,EPELXY,EPELYZ,EPELXZ
PRPATH.EPEL1,EPEL2,EPEL3 ,EPELINT,EPELEQV
PRPATH,SX,SY,SZ,SXY,SYZ,SXZ
PRPATH,S 1,S2,S3,SINT,SEQV

298

Appendices

APPENDIX B
SIZE AND SHAPE OF SQUARED DISC SEGMENTS
The dimensions of the small and large squared segments were chosen so as to be
roughly equivalent in both size and shape to the small and large orthotropic disc
segments, both in terms of overall size and shape, plus the size and shape of the tenon
region. The method by which this was done is described as follows.

9/2

Figure 7.11

Method used to calculate size and shape of the squared disc segments.

In order to calculate the tenon width, w , to use for the squared disc segments, the
distance, 2 x , between the points formed by the intersection of the centrelines of the
inter-tenon notches either side of the standard tenon and a circle of radius r was first
calculated (Figure 7.11). Where the radius r is the average of the inner radius of the
disc, rx, and the disc radius at the bottom of the inter-tenon notch, r2 , as shown in
Figure 7.11. This was done by using basic trigonometry on the right-angled triangle
also shown in Figure 7.11, where x can be calculated since r and 0 / 2 are known.
The tenon width, w , of the squared tenon was then calculated by subtracting from the
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distance 2x twice the inter-tenon notch half-width, 2a . The distance by which the
tenon protruded from the squared disc segment was given by the difference between
rx and r2.

To calculate the length o f the squared disc segment, a similar method was used. The
length o f the squared disc segment was given by the distance between the
intersections of the bolt-hole circle radius (Figures 7.4 and 7.5) and the ends of the
standard disc segment, whilst the width of the squared disc segment was given by the
difference between the outer radius o f the standard disc segment and the disc radius at
the bottom of the inter-tenon notch (r2 in Figure 7.11).
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APPENDIX C
LAYERED BLOCK MODEL NODAL DISPLACEMENTS
Tables 8.1a and 8.2a show the average nodal displacements in the x , y and z
directions on the load face o f the layered block models resulting from the loading
methods described in Section 7.2.4 and are analogues of Tables 8.1 and 8.2, which
show the elastic moduli predicted by the layered block models.

Material
Properties 4

Average nodal displacement in stated direction

X -direction

y -direction

z -direction

DAMZN

Compressive

-3.53E-06

1.44E-07

1.90E-06

on DAMZN

Compressive

-3.53E-06

1.44E-07

1.90E-06

on DAMZN

Tensile

2.21E-06 *

-1.02E-07

-3.59E-07

Compressive

-3.06E-06 *

1.44E-07

4.98E-07

DISC

Tensile

3.23E-06 *

-6.73E-07

-4.30E-07

material

Compressive

-4.07E-06 *

6.75E-07

5.72E-07

Loading

Lay-up

method
Pressure 1
Force
nodes 2
Force
coupled
nodes3

1. Pressure on load face.
2. Force on nodes (in X -direction) on load face.
3. Force on nodes (in X -direction) on load face, nodes on load face coupled in X -direction.
4. Material property sets shown in Table 7.4.
* All displacements equal due to coupling of nodes.

Table 8.1a

Numerical results from layered block models loaded in tension and

compression (loading was tensile with the tensile material properties set and
compressive with the compressive material properties set). The loading methods are
described in detail in Section 7.2.4.
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Loading

Lay-up

Material
Properties 4

method

Average nodal displacement in stated direction

X -direction

y

-direction

z

-direction

Uncoupled

Plain

Isotropic

-1.77E-21

1.29E-05

-2.84E-21

nodes 1

block

Compressive

1.10E-19

1.13E-05

2.96E-19

DAMZN

Compressive

-6.99E-21

1.16E-05

5.62E-19

DISC

Compressive

-9.33E-08

9.60E-06

3.55E-07

Isotropic

-9.04E-20 *

9.58E-06 *

-1.13E-19

Compressive

9.69E-19 *

8.87E-06 *

1.04E-19

DAMZN

Compressive

-5.55E-20 *

9.33E-06 *

4.08E-19

DISC

Compressive

-2.90E-08 *

5.98E-06 *

1.66E-10

(no layers)

material
Coupled
nodes

Plain
on block

load faces 2 (no layers)

material
Full

Plain

Isotropic

-2.34E-20 *

8.06E-06 *

1.67E-19

Coupling3

block

Compressive

-7.54E-22 *

8.06E-06 *

1.02E-19

Tensile

3.77E-20 *

8.06E-06 *

-4.24E-18

Compressive

4.79E-20 *

8.06E-06 *

-4.77E-18

DISC

Tensile

-2.58E-08 *

3.67E-06 *

8.95E-09

material

Compressive

-2.67E-08 *

4.68E-06 *

9.18E-09

(no layers)
DAMZN

1. Force on nodes (in y -direction) on load faces.
2. Force on nodes (in y -direction) on load faces, nodes on load faces coupled in x and y directions.
3. Force on nodes (in y -direction) on load faces, nodes within each y - z planeof nodes coupled to
one another separately in X and y directions, including those on load face.
4. Material property sets shown in Table 7.4.
* All displacements equal due to coupling of nodes.

Table 8.2a

Numerical results from plain block and layered block models loaded in

shear. The loading methods are described in detail in Section 7.2.4.
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APPENDIX D
ADJUSTMENT OF THE EXPERIMENTALLY
MEASURED PRINCIPAL DIRECTION FOR
COMPARISON WITH THE FE MODEL
In Section 9.3.2 it was stated that it was necessary to adjust the principal angles
measured by Strain Gage 1 in the torsion strength tests so as to be directly comparable
with those predicted by the FE models. The principal angle measured by Strain Gage
1 is with reference to the strain gage rosette axes, while the principal angle predicted
by the model is with reference to the model x and y axes. The purpose of this
appendix is to show how the former was adjusted in order that they could be
compared.

The strain gage axes are shown in relation to the rosette elements in Figure 9.10 (a).
The principal angle is measured anti-clockwise from the rosette axes, therefore an
angle in the clockwise direction will be negative. As an example, the principal
direction measured experimentally for the large disc segment (-11°) is also shown in
Figure 9.10 (b).

rosette y

rosette x

rosette y

(a) Rosette elements and their axes

Figure 9.10

11

rosette x

(b) With principal direction shown

Rosette elements and axes with and without principal direction shown.
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The central rosette element (labelled b ) was parallel to Path 1 for both disc segments.
Since Path 1 was inclined to the model x -axis by either 9° or 7° for the small and
large disc segments respectively, as shown in Figure 7.10, this rosette element was
likewise inclined. Additionally, the fact that the strain gages were attached to the
opposite face of the disc segment in the equivalent position to that used for Path 1,
rather than on the same face of the disc segment as Path 1 also needs to be accounted
for. This means the rosette axes will be ‘flipped over’ with respect to the model axes,
jc and y , as shown in Figure 9.11 (a), with the principal direction measured
experimentally for the large disc segment also shown, but with its sign now reversed.
Using Figure 9.11 (a), from this point onward it was simple to calculate the principal
angle with respect to the model axes from the experimentally measured principal
angle

-24‘

rosette y

-24'

rosette jc

(b)

(a)
Figure 9.11

Positions of rosette elements and axes with respect to the model axes

(a) and principal directions predicted by the model relative to the FE model axes (b).

The principal directions predicted by the model for the large disc segment are shown
in Figure 9.11 (b). It can be seen that the experimentally measured principal directions
are very close to those predicted by the model. However, one final point is that close
examination reveals that the minimum and maximum principal strains £\ and

£2

appear to be the wrong way around. This can be explained by the fact that since the
principal angle was calculated using Microsoft Excel, which will only give values
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between -45° and +45° for Vz arctan 0, and that the principal angle 6 was calculated
using Equation 29, it is clear that the angle given using this function alone cannot
specify which of the principal strains is which since Vz arctan 0 is periodic every 90°.

0 = —arctan
2

2e xy

Equation 29

ex~£y
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