


Abstract
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Measurement of the Through-Thickness Strength of Composites

This research deals with the mechanical characterisation of thick composite laminates in the
through-thickness direction. Three independent glass fibre/epoxy laminate configurations,
namely cross, quasi-isotropic, and woven, plies were investigated. Six specimen configurations,
of which two were developed herein, were employed in order to determine the strength
behaviour of these three laminate configurations when subjected to interlaminar shear and
interlaminar tensile stresses in isolation and in combination. The stress and strain distributions
were estimated using the ABAQUS FEA package. The strain distribution obtained thereby was
verified experimentally via Moiré interferometry which records the exact strain field at the test
section. A two dimensional failure envelope is defined for each laminate configuration using
the experimentally obtained data. All three independent laminate configurations exhibited
almost identical failure envelopes. The woven laminate exhibited superior interlaminar shear
strength when subjected to combined interlaminar shear and interlaminar tensile stresses,
whereas the cross-ply laminate exhibited superior interlaminar tensile strength when subjected
to the same combination of stress. The characteristics of the quasi-isotropic laminate were
similar to that of the cross-ply laminate. A partial three dimensional failure envelope was also

defined for the materials tested.
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Nomenclature

The Evolution of Composites

O

T

Interlaminar tensile stress in the
through-thickness direction

Interlaminar shear stress

Anisotropic Failure Theories

In-plane stress in the fibre direction

In-plane stress in the transverse
direction

Interlaminar stress in the through-
thickness direction

In-plane shear stress
Interlaminar shear stresses

In-plane compressive strength in
the fibre direction

In-plane tensile strength in the fibre
direction

In-plane compressive strength in
the transverse direction

In-plane tensile strength in the
transverse direction

Interlaminar compressive strength

Yi2

Vi3 V23

in the through-thickness direction

Interlaminar tensile strength in the
through-thickness direction

In-plane shear strength
Interlaminar shear strengths
In-plane strain in the fibre direction

In-plane strain in the transverse
direction

Interlaminar strain in the through-
thickness direction

In-plane shear strain
Interlaminar shear strains

In-plane maximum compressive
strain in the fibre direction

In-plane maximum tensile strain in
the fibre direction

In-plane maximum compressive
strain in the transverse direction

In-plane maximum tensile strain in
the transverse direction

Interlaminar maximum

compressive strain in the through-
thickness direction



€5 Interlaminar maximum tensile
strain in the through-thickness
direction

I, In-plane maximum shear strain

F13’ F23
Interlaminar maximum shear strains

F,G,H,L,M,N
Material strength parameters

i,j,k=1,..6
Notation for stress tensor quantity

o, 0; Stress tensor parameters

F, F,, F;
Strength tensor parameters
G Strain energy release rate
G, Critical strain energy release rate
G, Mode I critical strain energy release

rate

Gy, Mode II critical strain energy
release rate

P Applied load

The Design and Manufacture of
Specimens

L The length of a specimen

b The breadth of a specimen

t The thickness of a specimen

@ An angle of the waist in a wasted

curved beam specimen

6 An oblique angle to the loading
direction in a notched rectangular

oblique specimen

Maximum interlaminar direct stress

O-max

0,,, Minimum interlaminar direct stress
T,.. Maximum interlaminar shear stress
T Minimum interlaminar shear stress

mim
0,, 0, Interlaminar direct stresses

) Interlaminar shear stress

a An angle in the centrally notched
beam specimen

M Bending moments

P End forces

M, End moments

d An offset distance from the loading
axis

a The inner radius of a plain curved

beam specimen

b The outer radius of a plain curved
beam specimen

r A radius in a plain curved beam
specimen

o, Radial stress in a curved segment

o, Circumferential stress in a curved
segment

T, Shear stress in a curved segment

Measurement of Material

Response

L,j=1,..3
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E33

Notation for the principal material
direction

Denotes the
direction

through-thickness

Denotes the 0° fibre direction
Denotes the 90° fibre direction

Young’s modulus in the through-
thickness direction

Young’s modulus in the 0° fibre
direction

Young’s modulus in the 90° fibre
direction

v,,, v;; Poisson’s ratios in the through-

thickness direction

Vy3 In-plane Poisson’s ratio

G12’ G13
Shear moduli in the through-
thickness direction

G,; In-plane shear modulus

D, Density of composite

Py Density of fibre

Do Density of matrix

Vi, v Fibre volume fractions of
composite

E, Young’s modulus of unidirectional
laminate 1in the longitudinal
direction

E; Young’s modulus of unidirectional
laminate in the transverse direction

E, Fibre Young’s modulus

Matrix Young’s modulus

In-plane Poisson’s ratio of

unidirectional laminate
Fibre Poisson’s ratio
Matrix Poisson’s ratio

In-plane shear modulus of
unidirectional laminate

Fibre shear modulus
Matrix shear modulus

Applied load points for the

Tosipescu test configuration

Applied forces

Analysis of Laminates

U

Ultimate force

The distance between two notches
of an Iosipescu specimen

The thickness of an Iosipescu
specimen

Applied stress to a notched
rectangular oblique specimen

In-plane stress in the notched
rectangular oblique specimen

Interlaminar tensile stress in the
notched rectangular oblique
specimen

Interlaminar shear stress in the
notched rectangular oblique

specimen

An oblique angle to the loading
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direction in the notched
rectangular oblique
specimen

Moiré Interferometry

x,y  Reference geometric coordinate

u Displacements in the x direction
y Displacement in the y direction
MI, M2, M3

Adjustable mirrors for a laser
optical equipment

Al A2
Incident beam pair for u
displacement fields

Bl, B2
Incident beam pair for v
displacement fields

n Phase shifted interferogram
I Intensity of an interferogram
g Background intensity

s Local contrast

A Phase to be determined

) Phase shift

Correlation and Interpretation of
the Results

c Direct stress
T Shear stress
G Ultimate strength

T Ultimate shear strength

¢ Interlaminar interaction coefficient
7, Interlaminar tensile stress

T, Interlaminar shear stress

General Abbreviations
DCB Double cantilever beam
ENF End notched flexure
ELS End load split

FE  Finite element

FEA Finite element analysis

SEM Scanning electron microscope

913UD
Cross-ply laminate made of the 913
epoxy system

914NCF
Quasi-isotropic laminate made of
the 914 epoxy system

916W
Woven laminate made of the 916
€pOoXy system

10 Iosipescu specimen configuration

CNB  Centrally notched beam specimen
configuration

CNB3 Centrally notched beam specimen
made from 913UD

CNB4 Centrally notched beam specimen
made from 914NCF

CNB6 Centrally notched beam specimen
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103

104

106

NCB

NCB3

NCB4

NCB6

NRP

NRP3

NRP4

NRP6

ORP

ORP3

ORP4

ORP6

PCB

made from 916W

Iosipescu specimen made from
913UD

Iosipescu specimen made from
914NCF

Iosipescu specimen made from
916W

Notched curved beam specimen
configuration

Notched curved beam specimen
made from 913UD

Notched curved beam specimen
made from 914NCF

Notched curved beam specimen
made from 916W

Notched rectangular prism
specimen configuration

Notched rectangular prism
specimen made from 913UD

Notched rectangular prism
specimen made from 914NCF

Notched rectangular prism
specimen made from 916W

Oblique rectangular prism
specimen configuration

Oblique rectangular prism
specimen made from 913UD

Oblique rectangular prism
specimen made from 914NCF

Oblique rectangular prism
specimen made from 916W

Plain curved beam specimen

configuration

PCB3 Plain curved beam specimen made
from 913UD

PCB4 Plain curved beam specimen made
from 914NCF

PCB6 Plain curved beam specimen made
from 916W
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Chapter 1

The Evolution of Composites

1.1 Introduction

Fibrous composite materials were used in Egypt as early as 4000 B.C. in the form of
laminated writing materials made from the papyrus plant. Ancient Egyptians also made
containers of coarse fibres drawn from heat-softened glass. A French scientist Reaumur [1.1]
considered the potential of forming fine glass fibres as early as the 18" century. In 1920 Griffith
[1.2] first measured the tensile strength of glass rods and glass fibres of different diameters. He
discovered that as the rods and fibres became thinner, they became stronger. It was not until
1939 that continuous glass fibres were produced commercially [1.3]. At that time, the main use
of these fibres was for high temperature electrical applications. In the late 1950°s boron fibre
was first produced and followed by carbon fibre in the early 1960s. The development of these
new high performance fibres triggered a surge in the evolution of high strength fibres such as

aramid, alumina, silicon carbide, alumina-boron-silica, boron nitride, titanium diboride, silica,

15



1. The Evolution of Composites 16

quartz, alumina/silica, and polyolefin etc..

Composite applications in the past twenty five years have primarily been in areas such
as aerospace and sports equipment where the strength-to-weight ratio is critical. More recently
the number and range of applications have grown to include the civil, automotive, and
industrial fields. The use of composites is likely to expand further as analytical techniques and

production methods continue to develop.

1.2 Applications

There follows anumber of examples of current composite applications in use presently.
However, this represents only a fraction of the possibilities as the true potential of composite

materials is only beginning to be tapped.

1.2.1 Civil Structures

Composites are now often used in civil structures where corrosion is a dominant design
consideration, e.g. the chemical industry and off-shore oil platforms [1.4]. Composites are also
in use in lightweight overhead walkways, lighting, communication poles and the retractable
roofs for stadia. Other benefits are the reduced maintenance and erection costs and the
possibility of architectural enhancements. However, the use of composites in structures such
as houses and buildings has lagged behind applications in other areas as strength to weight ratio

is not as critical in static structures.

1.2.2 Sports Equipment

Advanced composites are used in sports equipment primarily to improve performance

through lighter weight and improved tailorability. In the area of recreation, low weight is often
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the key factor, however reduced maintenance and increased corrosion resistance are also major
benefits associated with the selection of composites. Examples of sports and recreational
equipment made from composites include tennis rackets, golf clubs, helmets, bicycles, skis,
hockey sticks, fishing rods, boat hulls, windsurfing boards, surfboards, sails, shoes, canoes,
racing shells, paddles, speed boats, scuba diving tanks and racing cars.

Cellular composites are being used in the construction of artificial playing surfaces and
indoor and outdoor running lanes whereby the stiffness and damping properties of the surface

may be optimised in order to minimise injury [1.5].

1.2.3 Automotive

The reason for selecting composites in automotive applications include higher strength-
to-weight ratio and greater durability (improved corrosion resistance and wear resistance).
Typical applications are drive shafts, fan blades and shrouds, springs, bumpers, interior panels,
tyres, brake shoes, clutch plates, gaskets, hoses, and belts etc.. The advantages of composites
is most evident in components like drive shafts yielding improved damping characteristics and

a higher shaft whirl speed [1.6].

1.2.4 Industrial

Composites are used throughout industry in order to reduce costs by prolonging life
expectancy as well as by improving performance. Examples of durable applications include
hoses, drive and conveyer belts, tear and puncture resistant fabrics, rotor vanes, mandrels,
ropes, cables, ladders and truck booms etc.. Ladders and truck booms are being made with
glass fibres and resin matrices in order to minimise the possibility of injury due to electrical

discharge. An exceptional example is the use of the fibreglass sucker rod in the oil industry
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which has resulted in longer life and improved pumping efficiency [1.7].

1.2.5 Aerospace

The development and application of advanced fibrous composites was pursued
primarily because of the potential for stronger structures with no weight penalty. The first
applications in the early 1960s were in aerospace structures where weight critically affects fuel
consumption, performance, and payload. Aircraft, spacecraft, satellites, space telescopes, the
space shuttle, the space station, missiles, booster rockets and helicopters etc. are typical
examples of the impact which composites materials have had in the industry.

The Boeing 757 and 767 were among the first commercial airliners to make extensive
use of composites. The Boeing 757 has 1350 kg of composite parts in the body, wing and
interior. About 30 percent of the external surface area of the Boeing 767 consists of composites
[1.8]. While composites are being used conservatively in large airliners being applied only to
the secondary structures, more sophisticated aircraft, such as aerobatic planes, the space shuttle
and fighter planes, have composites in the primary structures. The space shuttle has many
structural components made from composites such as carbon/epoxy, aramid'/epoxy and
carbon/carbon etc.. Aircraft such as the Stealth Fighter and the experimental forward-swept
wing X-29 fighter would not have been possible without the use of advanced composites.
Although the concept of a forward-swept wing for improved manoeuverability is not new,
conventional aluminium alloy structures could not withstand the aerodynamic forces acting on
such a wing, so the implementation of the concept had to wait for the advent of very high

strength-to-weight ratio materials.

I Kevlar
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1.3 Drawbacks Associated with the Use of Fibrous Composites

Fibrous composites are becoming more and more the material of choice for designers
for a variety of reasons which include low weight, high stiffness, high strength, electrical
conductivity (or non-conductivity), low thermal expansion, low or high heat transfer
coefficient, corrosion resistance, and retention of properties at high operating temperatures.
Some of these advantages have already been discussed in Section 1.2. Fibrous composites seem
to have the potential of fulfilling all of the requirements a designer might have of a material
and, as a consequence, they continue to replace conventional materials in more and more
common applications. However, while the ‘in-plane’ fibre dominated properties have been
improved rapidly since the 1960s, no significant improvements have been made to the weaker
matrix dominated properties in the through-thickness direction. This is the Achilles’ heel of

fibrous composites with respect to current design.

Controlling Property Problem

Interlaminar Shear Failure induced by shear in beams under flexural loading.
Strength . Premature torsional failure.

Through-Thickness

Failure induced by through-thickness tensile fracture of

Strength curved beams in flexure.

. Shock waves propagated by normal impacts.
Combination of . Premature crippling failure in compression.
above two . Failure in adherends in structural bonded joint.

. Failure of laminate due to free edge effects [1.9].

Table 1.1 Overview of Problems Created by the Weak Matrix-Dominated Properties.

In the case of thin laminated composite skins, which are widely used in aircraft and

spacecraft structures, the poor strength in the through-thickness direction is less important. This
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The use of thick laminated composites to form structural components (e.g. angle
brackets, co-curved webs and frames etc.) is becoming common practice and is replacing
sandwich structures and stiffened planes. The catastrophic failure of such structural elements
when subjected to a combination of in-plane and out-of-plane stresses is normally associated
with the complex progression of ply cracking, fibre failure and delamination. The out-of-plane
stresses comprise a normal stress and two shear stresses and are all designated interlaminar
stresses. A general overview of the problems created by the matrix dominated properties, which
arise in a wide variety of design features, are presented in Tables 1.1 and 1.2 [1.11]. It is
therefore important that an understanding of the failure mechanism of thick laminated
composites is obtained in order to aid the structural designer in optimising such components

with respect to their interlaminar strengths.

1.4 Research Objectives and Thesis Structure

The primary objective of this investigation is to develop a testing methodology which
will allow characterisation of the interlaminar behaviour of thick composites. The secondary
objective is to develop an experimentally validated method for predicting the three dimensional
mechanical behaviour of thick composite laminates. The tertiary objective is to define parts of
the failure envelope in stress space using this new technique.

A literature review of existing failure theories for composite laminae and laminates is
presented in Chapter 2. The development of experimental methodologies for characterisin gthe
behaviour of thick composites in the through-thickness direction for the material confi gurations
employed in this investigation are presented in Chapter 3. In Chapter 4 these experimental
procedures are presented in conjunction with the associated results. A detailed study of the

failure surfaces was also conducted using a scanning electron microscope in order to establish
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the exact mode of failure. Chapter 5 describes the methodologies employed in the numerical

analyses of the specific specimen geometries using heterogeneous anisotropic material

properties. The experimental verification of these numerical analyses via Moir€ interferometry

is presented in Chapter 6. Finally, Chapters 7 and 8 are dedicated to the discussion of the

results and any conclusions which may be drawn.

References

1.1

1.2

1.3

1.5

1.4

1.6

1.7

1.8

1.9

Hartman D.R., Greenwood M.E. and Miller D.M., High Strength Glass Fibres, Owens-
Corning Fibreglass Corporation, Toledo, 1994.

Griffith A.A., The Phenomena of Rupture and Flow in Solids, Philosophical
Transactions of the Royal Society, 221A, 1920, p163-198.

Knox C.E., Fibreglass Reinforcemnet, Ed. Lubin G., Van Nostrand Reinhold Co., New
York, 1982.

Morgan R.J. and Allred R.E., International Encyclopaedia of Composites, Vol.1, Ed.
Lee S.M., VCH Publishers, New York, 1989, p37-56.

Easterling K.E., Advanced Materials for Sports Equipment, Chapman & Hall,
London,1993.

Riggs J.P., International Encyclopaedia of Composites, Vol.1, Ed. Lee S.M., VCH
Publishers, New York, 1989, p197-225.

Lubin G., Handbook of Composites, Van Nostand Reinhold Co, New York, 1982.
Gibson R.F., Principles of Comoposite Material Mechanics, McGraw-Hill Inc. New
York, 1994.

Paul P.C., Saff C.R., Sanger K.B., Mahler M.A., Kan H.P. and Kautz E.F., Analysis

and Test Techniques for Composite Structures Subjected to Out of Plane Loads,



1. The Evolution of Composites 23

Composite Materials Testing and Design, Vol.10, Ed. Grimes G.C., ASTM STP 1120,
1992, p238-252.

1.10 Beaumount P.W.R., The Failure of Fibre Composites: An Overview, Journal of Strain
Analysis, Vol.24, No.4, 1989, p1-17.

1.11  Herakovich C.T., Edge Effects and Delamination Failures, Journal of Strain Analysis,

Vol.24, No.4, 1989, p57-64.



Chapter 2

Anisotropic Failure Theories

2.1 Introduction

In order for the use of composite materials in structural components to continue to
expand, three key areas must continue to develop. The first is the flexibility, cost and ease of
manufacture. Second is the development of definitive test procedures for establishing relevant
material properties and confirming component performance. Finally, there is the need for wider
availability of data and design methods. Most of the available strength information is based
upon the uniaxial states of stress, whereas practical applications invariably involve more
complex stress fields. Structural composite components usually consist of several anisotropic
plies bonded together at differing orientations and thus, unlike isotropic materials, their
strength is direction dependent. Furthermore, failure of a small number of plies in a laminated
structure does not necessarily imply failure of the structure as a whole as the load path may

change in order to go through other supporting plies.
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Numerous macroscopic failure criteria have already been proposed for fibrous
composites. In this chapter a synopsis of the various composite failure criteria is presented and
is followed by a brief review of those failure criteria which are more commonly employed.
Since strength theories are conceived primarily to predict the onset, and not the mode, of
failure, the macroscopic view point will predominate. Another approach which has been
employed is based upon fracture mechanics (microscopic view point) and a brief review of this

method is also presented.

2.2 Synopsis of Failure Criteria

Particularly for prototype design purposes, it is important that a reliable strength
prediction method be available for various combinations of normal and shear loading. The ideal
failure criteria should be flexible enough to allow for the wide range of possible constituent
materials and laminate configurations and yet require minimal laminate input data. Preferably,
the acquisition of this data should require only relatively simple testing such as can be
conducted in any normally equipped materials laboratory. To this end it would be desirable to
have a reliable strength theory based upon a small number of laminate tests.

The Von Mises [2.1] energy of distortion or octahedral shear stress yield theory has
significantly influenced the basis of many existing composite strength criteria. Hill [2.2]
generalised the Von Mises’ formulation to include anisotropy. Marin [2.3] subsequently
suggested a formulation similar to Hill’s by presupposing coincident directions of principal
stress and material. In 1965, Hill’s theory was adapted by Azzi [2.4] and Tsai [2.5] as a
strength criterion for composites. Hoffman [2.6] altered Hill’s criterion to allow for unequal
tensile and compressive strengths by introducing linear stress terms in a functional form.

Norris’ extension of the distortion-energy theory [2.7] was modified by Fischer [2.8] to predict
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the strength of glass reinforced composites.

A variation of the maximum-stress theory for unidirectional composites was proposed
by Stowell and Liu [2.9] in which the failure stress of the fibres was taken as the limiting
strength of the lamina in the fibre direction, while the limiting transverse and shear stresses are
equal to those of the matrix material. As pointed out by Kelly and Davis [2.10] utilisation of
bulk matrix properties for transverse and shear stresses assumes there to be no fibre-matrix
interaction.

The St. Venant’s maximum strain-theory of isotropic mechanics [2.11] was extended
to include anisotropy by Petit and Waddoups [2.12]. A strength criterion based on the strain
energy to failure has also been proposed by Sandhu [2.13]. Though most strength predictions
use a linear approximation to the stress-strain relationship in the lamination analysis, those by
Sandhu and Petit-Waddoups allow for non-linear lamina material behaviour.

Gol’denblat and Kopnov [2.14] and Ashkenazi [2.15] appear to have initiated attempts
to develop a strength theory which is invariant with respect to the coordinate system.
Malmeister [2.16], Tsai and Wu [2.17] and Tennyson et al. [2.18] also made subsequent efforts
to this end.

The composite strength theories discussed above are based on lamina material
properties and a lamina failure criterion. Puppo and Evensen [2.19] postulated an anisotropic
strength theory applicable directly to the laminate as a whole not just the individual laminae.
Wu and Scheublein [2.20] also proposed a direct laminate strength theory using interaction

factors and the concept of principal axes of strength.

2.3 Commonly Employed Failure Criteria

Although considerable effort has been devoted to the formulation of composite strength
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theories and also to their correlation with test data, no single theory has emerged which is
completely satisfactory. Of all of the failure theories available, four criteria are considered
representative and are the most widely employed, namely, the Maximum Stress Theory, the
Maximum Strain Theory, the Tsai-Hill Theory and the Tsai-Wu Theory. A brief review of

these theories and the associated equations follows.

2.3.1 The Maximum Stress Theory
The maximum stress theory for orthotropic laminae was first suggested by Jenkins
[2.21]. This criterion assumes that failure occurs whenever any one component of stress
reaches its limiting value and is independent of the values of all other components of stress.
Thus, this theory predicts that, in order to avoid failure, the following set of inequalities must
be satisfied:
X <0,<X
c 71 t
Y <o,<Y,
Z <0,<Z, 2.1)
It,,I<Q '

|T3 ) <R
I123I<S

where X is the ultimate normal stress in the fibre direction, Y and Z are the ultimate normal
stresses in the two transverse directions, and Q, R and § are the ultimate shear stresses. The
subscripts ¢ and ¢ denote tension and compression respectively. According to this theory the
failure surface is planar and rectangular. The theory does not account for possible interactions
between the stress components.

Theoretical failure surfaces agree well with this theory when the applied stress is along,
or normal to, the fibre direction. However, due to the lack of allowance for stress interaction

in this theory, agreement is poor when the applied stress is biaxial.
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2.3.2 The Maximum Strain Theory
This theory is identical to the maximum stress theory but considers strain in place of

stress. Thus, in order to avoid failure the following set of inequalities must be satisfied:

£,°<g<e,’
£,°<€,<e,’
£,°<e,<8,’
ly <},
Iyl3I<F13

h(23I<I“23

(2.2)

where the maximum allowable normal strains have been denoted with superscripts ¢ and ¢ to
denote tension and compression respectively and / ; denotes maximum allowable shear strains.
Unlike the maximum stress theory, the maximum strain theory does account for interactions

between stress components to a small degree through the effect of Poisson’s ratio.

2.3.3 The Tsai-Hill Theory

This is a quadratic failure theory which attempts to provide better correlation between
theory and experiment via inclusion of all of the components of stress in an equation
representing the failure envelope. This theory is based upon the mathematical premise that a
second-order curve has more parameters with which to fit experimental data than does a
straight line and is not based upon the physics of the failure mechanism. While this may
provide better correlation between theory and experiment to a certain extent, it is limited in that
the sign of the normal stress components must be known if the positive and negative strengths
are different, which is usually the case with composites. The failure surface given by the

equation:

(G+H)o *+(F+H)c,*+(F+G)o,’-
2Ho,06,-2G06,6,-2F6,0, + (2.3)
2Lt,,*+2M7 > +2Nt =1
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where F, G, H, L, M and N are material strength parameters which are expressed in terms of
the failure stresses for one-dimensional loading. For pure shear loading, 7,, # 0. If the
corresponding shear strength is S, then eq". 2.3 yields:

1
ZN=E; (2.4)

Similarly, if we consider pure shear loading in the directions 7,; and 7,; with the associated

ultimate values of strength being Q and R respectively, then eq". 2.3 yields:

1

2L:§; (2.5)
1

ﬂW—E; (2.6)

The remaining three strength parameters, F, G and H, are determined from the simultaneous
set of equations obtained from eq". 2.3 when the three individual boundary conditions are
considered in which all stresses are zero with the exception of g,, g, and o, respectively. In

these instances eq". 2.3 yields:

g 1, 1,1 27
X* y* z? '

b L 1,1 28
X2 y?* z? '

oo L, 11 2o
X* y* z? (29)

2.3.4 The Tsai-Wu Theory

This is a development of the Tsai-Hill theory in which a complete quadratic stress
tensor polynomial is adopted and includes all linear terms. Failure criteria based upon
polynomials of strength tensors represent an attempt to mathematically overcome one of the

shortcomings of a quadratic theory, i.e. to account for the differences in tensile and
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compressive strengths. Additionally, these equations have the advantage of being scalar.

The Tsai-Wu criterion assumes that there exists a scalar function f{c,) of the form

Ro)=Fo,+F ;00 (2.10)

where the contracted notation is used; and i, j, k= I, 2, ... 6; F, and F ; are stress tensor

quantities of strength parameters. Failure corresponds to the condition:

F.F -F>>1 (2.11)

ity

where repeated indices are not summations for this equation.

The reduced form of the scalar function f{c,) for an orthotropic material is:

f(ck) =F 101 +F2cs2 +F 303 +2F 12919, +2F 130103 +2F23<52cs3

2 2 2 2 2
+F|,0,°+F,,0,"+F3,0,"+F 0, +F 0" +F,

2.12)
66062

The strength tensors F; and F; can be written in terms of the ultimate strengths X,, X, Y,, Y., Z,

1 co

Z,, O, R and S as previously defined. For tensile failure in the o, direction, eq". 2.12 reduces to:
FX+F X*=1 (2.13)
For compressive failure in the o, direction, eq". 2.12 reduces to:
F X +F X *=1 (2.14)

Simultaneous solution of eq"s. 2.13 and 2.14 yields:

1 1
F m_——
XX (2.15)
1
F = _X,Xc (2.16)

1 1
F m—t—
2 Y, Y, (2.17)
-
s 2.18)
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1 1
F3:?+7 (2.19)
t c
1
Fo-gr (2.20)
1
F44‘5'5 (2.21)
1
F55‘P (2.22)
Fo- 1
66~ 2 (2.23)

The remaining coefficients in eq". 2.12, i.e. F),, F;; and F,;, correspond to coupling terms
between normal components of stress. These coefficients can be determined via tests in which
the biaxial load cases, i.e. g, = 0,, 0, = 0; and 0, = 0, are considered independently. However,
it is difficult to conduct a test in which a specimen fails as a result of an uniformly biaxial state
of stress. Narayanaswami et al. [2.22] demonstrated that these interaction coefficients are small

and can be neglected.

2.4 The Fracture Mechanics Approach

The strength of material based failure theories have been discussed in Section 2.3. In
this section a different approach based on microscopic failure mechanisms is reviewed. The
presence of interlaminar stress is the primary cause of delamination in laminated fibrous
composites. Delamination occurs when the interlaminar stress exceeds the interlaminar
strength. A fracture mechanics based failure criterion offers a method of predicting the
initiation and growth of delamination in a component with stress singularities, i.e. matrix
cracks, material defects, edges and other discontinuities. Using a fracture mechanics based

failure criterion, a value of strain energy release rate, G, has to be determined at every potential
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delamination source. When G reaches the interlaminar fracture toughness of the composite, an
interlaminar crack will be initiated and will subsequently lead to delamination. This limiting
value of G is defined as the critical value, G.. In the following sections the subscripts I and II

denote mode I (crack opening) and mode II (crack shearing) failure.

2.4.1 Determination of Strain Energy Release Rate

The Double Cantilever Beam (DCB) shown in Figure 2.1 is a standard method used to
determine G,. The beam is loaded via a tab fixed by adhesive to the material adjacent to the
crack. The End Notched Flexure (ENF) and the End Load Split (ELS) methods (Figures 2.2
and 2.3) are commonly used to determine G,,. ENF uses three point bending whilst ENS has
one end of the beam built-in with the load applied at the other end. In both the ENF and the

ELS methods the cracks extend through shear.

TP

Figure 2.1 A Schematic Illustration of Double Cantilever Beam Specimen.

The ELS method is known to be more sensitive than the ENF method with respect to the
loading conditions. In DCB, ENF and ENS specimens, an artificial defect, i.e. a film insert or
a precrack, is used to simulate the existence of crack. The variations in the favoured approaches

for creating the starter crack among the standard organisations were reported in a review of
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2.5 The Empirical Development of the Failure Envelopes

Hognestad [2.28] attempted to develop parts of a failure surface in three dimensional
stress space using the interlaminar tensile stress, interlaminar shear stress and in-plane stress.
He discovered that the in-plane tensile stress offsets the in-plane normal stresses and thus
increasing the through-thickness strength. This work was followed by Cui [2.29] who increased
the number of data points with more experimentation. These data points were concentrated in
the in-plane compressive stress - interlaminar tensile stress plane and in the interlaminar shear
stress - interlaminar tensile stress plane. He found that the data points in the interlaminar shear

stress - interlaminar tensile stress plane were sensitive to the experimental errors.

2.6 The Applicability of the Various Failure Theories

Almost all of the failure theories presented herein are based upon the assumption of
homogeneity and a linear stress-strain relationship up to the point of failure. All of these
theories can be expressed in terms of the ultimate strengths referred to the principal material
axes. However, it has been demonstrated by Rowlands [2.30] that the applicability of any of
these theories is dependent upon the deviation of those conditions being considered from the
assumptions which each theory makes with respect to loading and lamina orientation; more
specifically, the laminae should be unidirectional (transversely 1sotropic) or orthotropic and the
loading should act in such a way so as to induce a plane state of stress.

The maximum stress and strain theories are most applicable when brittle behaviour is
predominant, i.e. tensile loading in the principal direction. Of these two theories, only the
maximum strain theory considers a small amount of stress interaction via Poisson’s ratio which
is used to obtain the normal stress components. These theories, though conceptually simple,

do not allow accurate failure prediction for combined stress states.
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The Tsai-Hill and Tsai-Wu theories are most applicable when ductile behaviour under
shear or compressive loading is predominant. The Tsai-Hill theory, though based on Hill’s
theory for ductile anisotropic materials, represents an adaptation which improves the predictive
accuracy for the more brittle heterogeneous composites via a form of “curve fitting”. However,
the theory remains incapable of allowing for differing tensile and compressive strengths
whereas the Tsai-Wu theory uses an additional coefficient to allow distinction between tensile
and compressive strengths and represents a more reliable form of “curve fitting”. This theory
also uses a “stress interaction coefficient” which, though an approximation can be made, may
be more precisely determined via specimen tests in which failure occurs under an equally
biaxial state of stress.

The fracture mechanics approach is most applicable when brittle behaviour is
predominant. It allows for different modes of failure both in isolation and in combination.
Despite its successful application to homogeneous materials, the technical problems associated
with the accurate quantification of delamination toughness raises doubt about its applicability
to composite design.

The empirical development of failure envelops is most applicable for both brittle and
ductile behaviours and allows interaction between the in-plane stresses and interlaminar
stresses. However, this approach is still at the early development stage and there is lack of the
quality and quantity of data points especially for interlaminar stresses. Additionally, the
characterisation of interlaminar mechanical behaviour of composites requires the development

of definitive test procedures for accurately quantifying the relevant material properties.

2.7 Summary

With the exception of the fracture mechanics approach, all current strength failure
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criteria tend to be phenomenological and empirical in nature. Also, no mathematical
representation of strength exists for a general composite and loading configuration. The
analyses predict the onset, but not the mode, of failure. As with isotropic criteria, composite
strength theories are predicted on the basis of limiting stress, strain or energy. Most of the
existing analyses assume a laminate stress-strain relationships based upon lamina material
properties and use lamination theory in order to evaluate the stresses and strains in the various
plies.

The greatest deficiencies of current composite strength analyses (theoretical and
experimental) are as follows;

1. The lack of a simple but representative lamination theory which realistically accounts
for interlaminar stresses.

2. The quality and quantity of experimental data.

A failure criterion or envelope based on the interlaminar stress is required as a design tool in

order to ease the design and optimisation process for composite structures.

The empirical establishment of a failure envelope which accounts for stress interactions
at failure requires a great deal of experimental data corresponding to a variety of stress states.
More specifically, at least a six dimensional stress space is required in order to express the
three in-plane stresses and the three interlaminar stresses. As discussed in Section 1.3, the
failure of thick laminates is strongly influenced by interlaminar stresses. The interlaminar
tensile stress causes peeling (Mode I) and the interlaminar shear stress causes tearing (Mode
IT or IMI). In isolation or in combination, these two interlaminar stress types lead to catastrophic
delamination. Another important factor is the effect of in-plane tensile stress in offsetting the
in-plane normal stress and thus increasing the through-thickness strength. It was therefore

decided that the interlaminar tensile, the interlaminar shear and the in-plane tensile stresses
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should be the main variables for establishing some parts of the failure envelope in this

investigation.
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Chapter 3

The Design and Manufacture of the Specimens

3.1 Introduction

In this chapter the design and implementation of the various existing methods for the
mechanical testing of composite materials in the through-thickness direction is discussed. In
Chapter 2 the emphasis was on the evaluation of various failure theories for the mechanical
behaviour of composite materials, the validation and implementation of which relies entirely
upon the availability of experimentally obtained mechanical properties data. Additionally, some
aspects of the mechanical behaviour of composites are of such complexity that the feasibility
of an accurate failure theory is questionable. In view of these facts, an empirical approach may
be the only practicable solution.

Owing to the complex characteristics of composites, i.e. anisotropy, coupling effects
and the variety of possible failure modes, it has been shown that the mechanical test methods

employed for conventional metallic materials are usually not adequate. Thus, the development

41
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and evaluation of new test methods for composite materials has been, and continues to be, a

priority in order to enable the experimental establishment of the mechanical properties.

3.2 The Design of Test Specimens

In this investigation the engineering characteristics of interest are the interlaminar shear
and the interlaminar tensile strengths both in isolation and in combination. As discussed in
Chapter 2 these are the governing factors in the failure of thick laminated composites. The

effect of the in-plane normal stress on the interlaminar strength is also of interest.

3.2.1 General Considerations

Ideally, specimens for the determination of the mechanical properties of a material
require two main features: a) uniform stress distribution across the failure cross section and b)
uniaxial stress. In order to achieve these conditions, the test section needs to be far enough
from the grips to avoid stress concentrations which would lead to premature failure. Thus,
specimens for characterising the in-plane properties have high aspect ratios, L/t and L/b, where
L, b and t are the length, breadth and thickness respectively. In most cases loading is
transmitted to the specimen via inter-surface frictional shear between the specimen and some
relatively soft tabs which act to minimise stress concentrations as far as is practicable.
Additionally, for the most meaningful property determination, it is essential to test specimens
of the same fibre volume fraction, thickness and fabrication method as the material being used
in the application of interest.

When measuring out-of-plane properties it is impossible to achieve high aspect ratios
as the manufacturing process limits the length of the specimen. This necessitates the use of

grips resulting in a load path which is complex and is normally associated with high stress



3. The Design and Manufacture of the Specimens 43

concentrations in the sensitive interlaminar direction. These difficulties account for the
shortage of publications, research work, test standards, and the availability of mechanical
properties data in the through-thickness direction. In view of these problems, a literature review

was conducted in order to identify the optimum specimen configuration for use in this

investigation.

3.3 Current Testing Techniques

Standards and test methodologies for deriving the interlaminar shear modulus and
strength have previously been established [3.1 - 3.3] though no such protocols exist for
characterising the interlaminar tensile strength. Recently, the National Physical Laboratory
(NPL) published a review of existing methods with a view to the establishment of a standard
protocol for the measurement of interlaminar tensile strength. It was concluded that none of the
existing methods satisfied the requirements proposed by the NPL [3.4].

There have been several investigations which have attempted to tackle interlaminar
tensile strength, both in isolation and in combination, with interlaminar shear strength. These
may be divided into two groups:

1. DIRECT METHODS, These methods create a relatively uniform stress field at the
failure section.
2. INDIRECT METHODS, These methods usually utilises bending to create a dramatically

non-uniform stress distribution at the failure section.

3.3.1 The Iosipescu Specimen
The most frequently used tests for interlaminar shear strength are the notched tension

coupon test and the short beam shear test [3.5] illustrated in Figure 3.1. Both of these tests have
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attributed to specimen failure at the discontinuity where the notch radius starts.

Adhesive Bonding

— T

Alminium Tabs

Figure 3.3 The Cylindrical Specimen.

3.3.3 The Notched Rectangular Prism Specimen

The loading mechanism for this specimen type is similar to that of the cylindrical
specimen (Figure 3.4). There have been several studies published using this basic geometry
with differing notch profiles and waisting configurations (width only or width and depth) [3.10,
3.11]. Similarly to the cylindrical specimen, the rectangular specimen was reported to fail
frequently at the adhesive layer between the specimen and the metallic tab, or at the start of the
notch radius. However, in contrast to the cylindrical specimen, machining difficulties were not

reported.

Adhesive Bonding

Alminiuvm Tabs

Figure 3.4 The Notched Rectangular Specimen.

3.3.4 The Hybrid Specimen

This comprises a flat rectangular specimen bonded to two aluminium strips which are
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3.3.6 The Curved Beam Specimen (C-Shape)

At the apex of a curved beam, loaded in tension, zero interlaminar tensile stress results
at the free surfaces and reaches a maximum at some location through the thickness (Figure 3.7)
[3.14 - 3.16]. The curved beam test is sensitive to the presence of voids, resin pockets and
resin-rich interlayers. These defects typically stem from difficulties in achieving a uniform
pressure distribution over the curved region of the beam whilst curing. Researchers have
reported two distinct sets of data from curved beam tests:
1. A set with higher strength where the inherent flaws appear in the microstructure only.
2. A set with lower strength where voids and other defects are present in the

macrostructure as observed by post-failure inspection of polished sections.

Male Rod Bolted to the Loading Fixture

Figure 3.7 The Curved Beam Specimen.

3.3.7 The Four Point Bending Curved Beam Specimen (£2-Shape)

This specimen geometry (Figure 3.8) induces a similar stress distribution at the apex
as the C-shape specimen, although the specimen is loaded under four-point bending [3.17]. The
main objective of this alternative loading mechanism was to avoid the premature failures at the
steel tube insertions which were reported in the C-shape specimen tests. Similar results to the
C-shaped specimen tests were reported with less prevalent premature failure. However, it was

reported that manufacturing the profile with a uniform section thickness is difficult, especially
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at the region A.
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Figure 3.8 The Four Point Bending Curved Beam Specimen.

3.3.8 The Waisted Curved Beam Specimen

This is a derivative of the C-shape curved beam specimen with the addition of a
reduction in width located at an angle ¢ from the loading axis (Figure 3.9). The waisting
localises failure and in the waisted section both interlaminar shear and interlaminar tensile
stresses are present [3.18]. Altering the angle of the waist location varies the ratio between
interlaminar shear and interlaminar tensile stresses. The large scatter present in the results was

attributed to the presence of manufacturing defects.

Figure 3.9 The Waisted Curved Beam Specimen.

3.3.9 The Hoop Specimen (U-shape)
When a U-shape specimen (Figure 3.10) is loaded in three-point bending, both

interlaminar shear and interlaminar tensile stresses arise in the curved section [3.19]. Changing
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3.3.11 The Rectangular Specimen with a Hole

This comprises a rectangular specimen with a through hole across the width (Figure
3.12) which is loaded uniaxially in compression [3.21, 3.12]. The use of this specimen
geometry for interlaminar tensile strength is based upon analytical evidence of the presence of
interlaminar tensile stress at the hole surface where the tangent is perpendicular to the loading
direction. The advantage of this method is the simplicity of direct loading without special

fixtures, though significant scatter in the results has been reported.

L

Figure 3.12 The Rectangular Specimen with a Hole.

3.4 Summary

Current specimen designs for characterising the interlaminar shear and interlaminar
tensile strength, both in isolation and in combination, have been reviewed. Many of these have
complex geometry requiring special moulding techniques or a series of grinding processes in
order to achieve the desired shape. Ideally, the manufacturing process should be kept simple
in order to minimise the possibility of defects stemming from these processes, i.e. machining
damage and misalignment etc.. It should also be noted that the inconsistencies associated with
the structural integrity of a given plate and any variations in the fibre volume fraction between

specimen batches both contribute to scatter in the experimental results.
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The short beam shear test and the notched tension and Iosipescu coupons are
standardised methods with straight forward manufacturing processes and loading mechanisms.
However, the question remains, with regard to the resulting non-uniform shear stress fields, as
to the reliability of the short beam shear test and notched tension coupon tests.

As simple tensile test coupons, the cylindrical and notched rectangular prism specimens
are more practical than the hybrid specimen which involves lengthy and detailed analysis and
is also limited to a unidirectional lay-up configuration. Both cylindrical and notched rectangular
specimens suffer problems associated with the discontinuity of the notch profile which causes
premature failure at that point. Furthermore, grinding a short thin cylindrical shape (the
specimen length is limited by the thickness of the parent plates) is difficult as the
manufacturing processes induce vibrations which lead to breakages.

Despite a simple loading mechanism and manufacturing process, the largest scatter of
results occurs with the rectangular specimen with a hole and is consequently impractical for
use in its current form. Of all of the curved beam specimens, the C-shape specimen is the
simplest to manufacture although care must be taken to prevent failure at the steel inserts.

For a study of the interlaminar stresses in combination, the waisted C-shape curved
beam is more practical than the U-shape curved beam as the associated analysis is simpler.
Additionally, if the plain C-shape specimen is being used, the waisted C-shape specimens may
be manufactured from the same batch of material. However, the scatter associated with the

waisted C-shape specimen is high.

3.5 The Specimens Selected for this Investigation

Subsequent to the literature review and a detailed study of current specimen designs,

both direct and indirect methods were selected for this study for the characterisation of the
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interlaminar mechanical properties. The final decision was driven by the following criteria:

1. Simple manufacturing processes in order to minimise the defect density.

2. Maximum utilisation of a single laminated plate for the various types of specimens in
order to minimise variations in the results associated with the material constituents.

3. A simple loading mechanism.

For direct methods, the Iosipescu and Notched Rectangular Prism specimens were selected

whilst the Centrally Notched Beam, Plain Curved Beam and Notched Curved Beam specimens

were selected for the indirect methods. The Notched Curved Beam Specimen configuration 1s

a new method and is described in Section 3.5.5. Each method lends itself well to simple

loading conditions, i.e. simple tension, compression, shear, and flexure, using a standard testing

machine.

3.5.1 The Iosipescu Specimen

The Tosipescu shear configuration was chosen for characterising the interlaminar shear
properties as it has a more uniform stress field at the test section than the other methods. The
UTC test configuration was employed in preference to the standard procedure [3.5] because
this configuration facilitates improved control over specimen alignment as the load is applied
[3.22]. An additional advantage is that the V-notched beam geometry has already been studied
extensively and numerous analytical solutions are available for calculating the exact shear

properties which include various correction factors.

3.5.2 The Notched Rectangular Prism Specimen
Previous investigators [3.23] have demonstrated that specimens machined in the

through-thickness direction from laminates of thickness less than 20 mm provide reliable
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The Notched Rectangular Prism Specimen was also used for testing combined stress
under pure tensile loading, i.e. interlaminar shear and interlaminar tensile stresses. The material
co-ordinates of this specimen have an oblique angle, 6, to the load axis as shown in Figure
3.13. By controlling this oblique angle, different stress ratios between interlaminar tension and
interlaminar shear could be obtained. Using a simple Mohr’s circle analysis, shown in Figure
3.14, four different oblique angles were chosen in order to produce sufficient variations in the

stress ratio. Table 3.1 summarises combinations of the interlaminar tension to interlaminar

shear ratio.

Oblique Angle, 8 Interlaminar Tensile Stress  Interlaminar Shear Stress
22.5° Omin Tmin
45° o, Trnax
67.5° o, Toin
90° c 0

—_— X

Table 3.1 Possible Combinations of Interlaminar Stresses.

3.5.3 The Centrally Notched Beam Specimen

The main benefit of this configuration is that the combination of stresses along the
notch surface may be controlled by varying the notch depth without having to alter the notch
radius. When a uniform beam is subjected to four point bending, the stress across the depth
varies linearly from compressive at the top surface to tensile at the bottom surface. However,
when a notch is introduced at the bottom surface, the stress distribution through the specimen
depth becomes non-linear. More specifically, the presence of the notch induces interlaminar

tensile, interlaminar shear and tensile in-plane stresses along the notch surface (Figure 3.15).
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end moments, M, = Pd. The circumferential stress is tensile at the inner radius and compressive

at the outer radius.

Loading Axis Pure Bending Loading AX@S Passes
Offset - due to Me = Pd + Through Point 0

Figure 3.16 The Bending of Curved Beams by End Moments and Forces.

3.5.5 The Notched Curved Beam Specimen

The thickness of the Plain Curved Beam specimen, shown in Figure 3.7, was reduced
at an angle, ¢, from the apex in order to localise failure, Figure 3.17. This is a new method,
which allows the investigation of interlaminar tensile and shear stresses in combination at the
test section. The combination of stresses is shown in Figure 3.18. Initially the notch radius was
selected to be one third of the mean thickness. Alteration of angular location of the notch whilst
maintaining its radius yields variations in the interlaminar tensile to interlaminar shear stress
ratio. The thickness of the specimen was reduced by only 30% in order to avoid ‘hinging’ at

the reduced section. It was not possible to calculate an exact stress distribution in the specimen
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Specimen Type Abbreviation

Centrally Notched Beam Specimen CNB
Iosipescu Specimen IO

Plain Curved Beam Specimen PCB

Notched Curved Beam Specimen NCB

Notched Rectangular Prism Specimen NRP

Table 3.2 General Abbreviations for the Specimen Types.

3.6 Materials Selection

Carbon fibre composites are widely used in applications requiring a high strength-to-
weight ratio. There is great need for further experimental data regarding the through-thickness
strength and the development of associated failure criteria. The characterisation of the various
modes of failure of carbon fibre laminates is difficult because the features of the fracture
surface can barely be seen, even under a microscope. A further difficulty is that, unlike glass
fibre composites, the material is not opaque and thus the initiation and extent of failure can not
be readily observed. In view of these difficulties, glass fibre laminates were considered to be
more suitable for this investigation. It should be noted that the modes of failure remain
identical for both materials as the fibre architecture is the same in both types of laminate,
therefore the same failure criteria apply. The following commercially available materials were
selected to ensure that the information obtained from this investigation would be useful to
designers:

1. Ciba-Geigy' Fibredux 913 Glass/Epoxy unidirectional fibre prepreg (913UD).

In order to produce better comparison with woven composites, the cross-ply lay-up

! Hexcel Composite
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configuration was chosen for unidirectional laminates. Free edge effects, which are
known to influence the results, are unavoidable and, therefore, must be tolerated.

2. Ciba-Geigy Fibredux 914 Epoxy sheet and Non-Crimp Fabric (914NCF).
This is a new non-crimp fabric which yields improvements in interlaminar strength
under a combination of interlaminar shear and interlaminar tensile stresses. A non-
crimp fabric is a unidirectional fibre mat laid up in a 0°/-45°/+45°/90° orientation and
stitched together crudely to maintain the relative orientations.

3. Ciba-Geigy Fibredux 916 Glass/Epoxy Woven prepreg (916W).
This material shows potential improvements with respect to the interlaminar tensile

strength due to the complex fibre interactions introduced by the plain weave pattern.

3.7 Laminate Configurations

It is important to select a laminate configuration which is representative of those
commonly employed in industry. To this end, a laminate thickness of 5 mm was chosen as a
good average thickness of widely used structural composite components, i.e. flanges, webs and
spars etc. [3.25, 3.26]. A 13 mm thick laminate was selected for the production of thicker
laminated composite components, i.e. angle brackets and leading edges etc. [3.27, 3.28]. It
should be noted that the 13 mm thickness represents the maximum value attainable via the use
of anormal curing cycle, i.e. one which has been proven effective by composite manufacturers.

In order to reduce scatter in the results due to quality differences between specimen
batches, a flat panel size of 200 mm x150 mm was selected for the 5 mm laminate thickness
and was used to produce the Centrally Notched Beam and losipescu specimens. Panel sizes of
150 mm x 150 mm for 913UD and 914NCF, and 220 mm X 220 mm for 916W, were selected

for the 13 mm laminate thickness and were used to produce the Notched Rectangular Prism
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silicon sealant to avoid resin leakage at the interface. The ply stack, with bleed cloths placed
on top, was then placed in a rectangular frame (Figure 3.20), the function of which was to
prevent the thick laminate from skewing in the horizontal direction when subjected to the high

pressures applied during the curing process.

Male Mould

Steel Tube Base Panel

Figure 3.21 The Mould Configuration for Curved Plates.

The curved plates (C-section) were fabricated from prepreg utilising a male mould for
both the plain and notched curved beam specimens. A steel tube was placed between the plies
at each side of the male mould (Figure 3.21). The most suitable position for the steel tubes, in
order to avoid premature failure at the steel insert, was found to be one third of the total piles
required for the finished laminate. The plies were periodically debulked during the lay-up
process using vacuum compaction and the bleed cloths were then placed on the final ply stack
in order to control the fibre volume fraction.

Finally, the entire panel was wrapped with Kapton film in order to avoid accidental
resin leakage blocking the vacuum pump prior to curing. All panels were vacuum bagged and
cured in an autoclave oven in accordance with the specifications of the manufacturer

(Appendix A). Also in accordance with the instructions provided by the manufacturer, 913UD
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and 916W did not undergo a postcure cycle, only 914NCF was postcured at 190 °C for 4 hours.

After manufacture, each panel was ultrasonic C-scanned to ascertain the panel quality.
Defects were detected along the edges of all of the panels manufactured and hence, in order to
eliminate these defects, 10 - 15 mm of material was removed from each edge using a diamond
grinding wheel cooled with water. The use of ultrasonic C-scans in detecting macroscopic
defects in curved laminated components is extremely difficult and thus the C-specimen batches
were not C-scanned. However, after grinding, the quality of the curved beam specimens was

ascertained by inspection with a low power microscope.

3.8.1 The Iosipescu Specimen

The Iosipescu specimen was miniaturised in order to allow its manufacture from the
same panel as the centrally notched beam specimens. The dimensions used were 9.5 mm square
by 5 mm thick. The thickness was carefully controlled to provide good surface flatness. 10.5 -
11 mm wide strips were cut from the panel and subsequently the width was reduced t0 9.5 mm
using a 38 A60 grit grinding wheel spinning at 2500 rpm with CIMSTAR BF404 cooling fluid.
As recommended by a previous study at the UTC [3.1, 3.22] a 90° V-notch was chosen. These
V-notches were ground into both sides of each bar with a 38A100 grit grinding wheel rotating
at 2500 rpm with CIMSTAR BF404 cooling fluid. These notched bars were then cut into 10.5 -
11 mm wide pieces using a diamond wheel. The aforementioned procedure was repeated to
reduce the width and again grind V-notches into both the remaining plain sides to complete
each specimen.

The notch roots were inspected using alow power microscope and found to have afillet
radius of approximately 0.25 mm. The surface condition of the V-notch was also inspected by

the same microscope at a greater magnification and, as a result, a few specimens were
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consistent quality.

3.8.4 The Plain and Notched Curved Beam Specimen

Using the previously manufactured curved plates, 11.5 - 12 mm wide specimens were
cut using a diamond wheel cooled with water. A 38A60 grit grinding wheel rotating at 2500
rpm cooled by CIMSTAR BF404 fluid was used to reduce the width to 10 mm. This process
yielded a highly polished surface with square edges. A notch radius of 4.79 mm was then
ground into the Notched Curved Beam specimen using a 38 A100 grit water cooled grinding
wheel spinning at 3600 rpm. This notch was located at 45° from the apex of the curved beam
and reduced the thickness by 30%. 5 specimens were prepared for each type of the curved beam

specimen. A low power microscope was used to confirm macroscopic quality.
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Chapter 4

Measurement of Material Response

4.1 Introduction

The experiments detailed herein were conducted using an Instron tension/ compression
testing machine, which is a standard screw driven loading machine equipped with a digital data
acquisition system. The specimens were attached between a driven cross-member and a
stationary anchor using a loading fixture. Furthermore, a load cell was built into the driven
cross-member. Detailed descriptions of the fixtures used for each specimen type are presented
later in this chapter.

Each test involved the extension or compression of the specimens until catastrophic
failure occurred. The loads and displacements were recorded at a sampling rate of 50 data
points/min and traces for these slow rates of strain are presented in the subsequent sections.
This raw data was then converted from ASCIH format into binary format using the Microsoft

Excel computer spreadsheet program which offers good graphing facilities.

71
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4.2 The Elastic Properties of the Laminates

The engineering properties of interest in this investigation are the elastic constants in
the principal material directions. Figure 4.1 depicts the coordinate system used throughout this
study. Nine independent elastic parameters are required for 3-D numerical analysis, namely:

E), Ep Esz Vi Vip Vaz G Gz Gy
where the subscript 1 denotes the through-thickness direction, subscript 2 denotes the 0° fibre
direction and subscript 3 denotes the 90° fibre direction. It is important to note that, with regard
to the Poisson’s ratios, v;, the subscript i refers to the direction of the applied stress whilst the
subscript j refers to the direction of the associated lateral strain. Thus, for g; # 0, i # j, and i,

j=1,2,3:
V= 4.1)

The shear moduli, G, refer to the shear stress-strain relationship in the i - j plane. G;;= G;; was

assumed for the shear modulus corresponding to the shear stiffness of the associated plane.

The specially orthotropic material configuration reduces the number of independent
elastic parameters to five, i.e. E;;, E,,, v;,,V,;, and G;, These constants were determined from
three non-destructive compression tests. Two specimens were loaded in the through-thickness
and fibre directions to determine the elastic moduli E;, and E,, and the Poisson’s ratios v;; and
v,;. The third specimen was loaded in the off-axis direction to determine the out-of-plane shear

modulus, G,,, as this method was found to provide more accurate results [4.1]. Finally, the

constants v,, and G,; were calculated using eq"s. 4.2 and 4.3 respectively.

T 21 (4.2)

G, =—— 22
23 2(1+v,,) (4.3)
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calculating the corresponding volume. For the curved plates, several small pieces were cut from
tested specimens and a similar procedure was again conducted. The mass, which was measured
using a weighing balance, was then divided by the calculated volume in order to obtain the
mean laminate density. Using eq". 4.4, the fibre volume fractions for each manufactured plate

were calculated and are tabulated in Table 4.2.

E-Glass 913 Epoxy 914 Epoxy 916 Epoxy

Density, p (g/cm?) 2.58 1.23 1.29 1.30
Poisson’s Ratio, v 0.22 N/A 0.410 0.375

Young’s Modulus, E (GPa) 73.03 3.39 3.90 4.17
Shear Modulus, G (GPa) 30.11 N/A 1.40 1.52

N/A refers to parameters which were not available

Table 4.1 The Fibre and Epoxy Properties [4.3].

913UD 914NCF 916W
5 mm Plate 0.62 0.57 0.49
13 mm Plate 0.61 0.57 0.50
Curved I;late =O.63= 0.61= 0.51

Table 4.2 The Fibre Volume Fraction for Each Plate.

4.2.2 The Manufacture of the Specimens
The type I and type II cubic specimens were roughly cut from the 13 mm thick plates
using a water cooled circular diamond wheel and were subsequently finish ground using a

38A100 grit grinding wheel rotating at 2500 rpm with CIMSTAR BF404 cooling fluid to
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provide a polished surface finish. For the off-axis specimen (type III), a strip of a square cross
section was cut using a water cooled circular diamond wheel. An oblique angle was then
generated using the same procedure as described in Section 3.8.2. This 45° off-axis strip was

then cut and ground into cubic pieces using the same method as that described for the type I

and type II specimens.

"

N

Type I Type 11 Type III

Figure 4.2 The Strain Gauge Orientations Relative to the Lay-Up Direction.

Two Kyowa KFC-2-D16-23 bi-directional strain gauges were attached in parallel on
both sides of the type I and type II specimens using Kyowa strain gauge cement CC-33A. Thus,
the differences between two strain gauges may be measured to ensure proper alignment of the
applied load and to provide a better average. Figure 4.2 presents the orientation of the strain
gauges relative to the laminate lay-up direction. For the type Il specimen, two Kyowa KFG-1-
120-D17-11 triple-strain-gauge rosettes were attached in parallel on both sides of the specimen,
again using CC-33A. Since the strain gauges used were designed for steel, a dummy gauge was
required for each measured gauge in order to compensate for thermal expansion mismatch
which causes unpredictable zero reading shift in the output. These dummy gauges were
attached to a scrap piece of the same material using the aforementioned procedure. It should

be noted that the orientation of the dummy gauges, relative to the material lay-up direction,
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The output of the strain gauges formed the arms of Wheatstone bridge circuits. The out-
of-balance voltages of the bridge circuits were amplified and stored on Datalab DL912s digital

transient recorders. The calculation method for the strain is presented in Appendix B.

4.2.4 Results and Discussion

A calculation of the elastic properties using the rule of mixtures, eq’s. 4.5 - 4.8, was
performed in order to compare the theoretical and experimental values obtained for the 13 mm
plates (Table 4.3). The assumptions made for calculating elastic properties for cross ply, quasi-
isotropic ply and woven ply configurations are explained in detail in the following sections.
The longitudinal modulus, E;, is given by:

E, =Efvf+Em(l —vf) 4.5)
where E,, v, and E,, are the fibre Young’s modulus, fibre volume fraction and matrix Young'’s
modulus respectively.

The transverse modulus, E;, is given by:

1 v, (I-v)
= (4.6)
ET f m
The Poisson’s ratio, v,y, is given by:
Vi V¥tV -v) 4.7)
where, v, and v,, are the fibre and matrix Poisson’s ratios respectively.
The shear modulus, G, is given by:
1 v, (1-v)
=L+ 4.8)

GLT GfLT Gm

where, G, and G,, are the fibre and matrix shear moduli respectively. The experimentally

obtained elastic moduli are tabulated in Table 4.4 and the dependent elastic properties were
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calculated using Eq"s. 4.2 and 4.3 (Table 4.5). The currently available manufacture’s material

properties data are also presented in Table 4.6.

913UD 914NCF 916W
Young’s Modulus, E;; (GPa) 24.63 20.80 21.39
Young’s Modulus, E;, (GPa) 7.92 8.47 7.88
Poisson’s Ratio, v;, N/A 0.201 0.199
Shear Modulus, G,, (GPa) N/A 3.06 2.89
N/A refers to parameters which were not available
Table 4.3 The Theoretically Determined Elastic Properties.
913UD 914NCF 916W
Young’s Modulus, E;, (GPa) 15.21 16.26 17.39
Young’s Modulus, E,, (GPa) 27.31 24.06 22.53
Young’s Modulus, E;; (GPa) 27.31 24.06 22.53
Poisson’s Ratio, v;, 0.162 0.159 0.173
Poisson’s Ratio, v,; 0.116 0.198 0.149
Shear Modulus, G,, (GPa) 4.14 4.80 4.45
Shear Modulus, G,; (GPa) 4.14 4.80 4.45
Table 4.4 The Experimentally Determined Elastic Properties.
913UD 914NCF 916W
Poisson’s Ratio, v, 0.090 0.114 0.133
Shear Modulus, G,; (GPa) 12.07 10.04 9.8

Table 4.5 The Elastic Properties Determined Using Eq’s. 4.2 and 4.3.
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913UD 914NCF

916W

Fibre Configuration Unidirectional N/A Plain Weave
Fibre Volume Fraction, v 0.65 N/A N/A
Fibre Axial Modulus, E (GPa) 48 N/A N/A
Transverse Modulus, E (GPa) 15 N/A N/A
In-Plane Poisson’s Ratio, v 0.227 N/A N/A
In-Plgle Shear Modulus, G (GPa) 4.0 N/A N/A=

N/A refers to parameters which were not available

Table 4.6 The Manufacturer’s Data Sheets for the Elastic Properties [4.3].

The fibre volume fraction of each plate (Table 4.2) varies slightly in spite of the great
care which was taken in an attempt to control this value. The fibre volume fraction of the
curved plates are higher due to the fabrication process which used a male mould and allowed
resin to flow under the high pressure, high temperature conditions.

a) 913UD Laminate Configuration

The simple rule of mixtures equation for the transverse modulus is known to grossly
underestimate the actual value [4.4]. In view of this, a comparison was made between the
values obtained by this method and those obtained both experimentally and via the
manufacturer’s data and this comparison yielded good agreement. The in-plane shear modulus
also agrees well with experiment, though the necessary data for the rule of mixtures estimation
was not available. With a cross-ply fibre configuration, the transverse laminae have no
contribution to the longitudinal stiffness. Thus we may consider an analogy between the cross-
ply configuration and the unidirectional configuration with a 50 % difference fibre volume
fraction. This simple analogy allows us to obtain a value for the axial modulus using the

manufacturer’s data. The resulting value agrees well with that obtained experimentally (Table
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4.3).
b) 914NCF Laminate Configuration

There was no data sheet available for this configuration in order to allow comparison
with the experimental results. Thus, the data was estimated from the raw material properties
using the rule of mixtures and assuming that the transverse stiffness does not contribute to the
longitudinal stiffness and that both of the 45° fibres contribute 1/4 of the stiffness of the
longitudinal fibres. The through-thickness modulus is slightly higher than that of 913UD (Table
4.1). This is reasonable as the elastic modulus of the 914 epoxy is slightly higher than that of

the 913 epoxy. The in-plane shear modulus is also slightly higher than that of 913UD for the

same reason.
¢) 916W Laminate Configuration

Although this material was in a prepreg form, the manufacturer could not provide the
mechanical properties data for use as a basis for comparison. Again, the through-thickness
modulus is higher than that of 913UD. This can be explained by comparing the elastic moduli
of the 916 and the 913 epoxies. In order to provide a basis for comparison the same assumption
used in approximating the 913UD axial modulus was employed. The resulting value agrees
well with that obtained experimentally.

There is a variance in the elastic properties of different plates due to small
manufacturing discrepancies which, in turn, leads to differing values of fibre volume fraction
between plates. It is also impractical to obtain separate values for the elastic properties of each
plate due to the labourious nature of the process involved. The greatest difference in the fibre
volume fraction was seen between the 914NCF plates and was 4 %. This bandwidth was
considered to be tolerable and the FE analyses, presented in Chapter 5, use for all models,

irrespective of plate type, the elastic moduli obtained from the 13 mm plates.
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section glued to steel shanks. Four different formulations of Ecobond 45 were tried. These
formulations, tabulated in Table 4.7, are defined by the ratio, by weight, of epoxy to catalyst
(hardener). The surface preparation was carefully conducted in order to achieve optimum
bonding conditions. The bonding surface of the steel rig was roughened using 120 grit
carborundum paper and the V-notched specimen surface was roughened using a needle file at
angles of +45° and subsequently finished using 180 grit carborundum paper. After roughening,
both the steel and the V-notched specimen surfaces were cleaned using ethanol. Three
specimens were prepared for each bonding formulation. The 4:5 formulation showed the
strongest resistance to shear and bending stresses, however, all of the formulations prepared
failed at the adhesive. It was thought possible that the poor bond strength was due to the
presence of an unknown substance which could not be removed by ethanol. In view of this a
sulphuric acid based etchant was applied to the steel surface in an effort to prepare a better
bond surface. Any residual traces of the etchant were removed with the application of a
neutraliser. Since previous tests showed the best bond performance to be obtained from the 4:5
formulation, its use was continued in testing for improvements in bond strength. Three

specimens were prepared and tested but showed minimal improvement in bond strength.

The ratio of Ecobond 45 to Catalyst

1 Flexible 2:1
2 Slightly-Rigid 1:1
3 Very-Rigid 4:5
4 Rigid 2:3

Table 4.7 The Adhesive Formulations Tried in the Iosipescu Tests.
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4. Measurement of Material Response 101

Consequently, all three materials showed similar modes of failure. The matrix failure and the
interfacial debonding of the fibres may be observed in the fractographic analyses, shown in

Figures 4.24 - 4.26. In the figure titles, CNB3, CNB4 and CNB6 denote the 913UD, 914NCF

and 916W material types respectively.

4.5 The Plain (PCB) and Notched (NCB) Curved Beam Specimens

A schematic illustration of the load configuration is shown in Figure 4.27. The upper
part of the rig was attached via a universal joint to a cross member into which was built a SkN
load cell. The use of a universal joint guarantees axial alignment of the specimens along the
load direction and thus eliminates bending effects. Three PCB and three NCB specimens with
a uniform width of 10 mm were monotonically loaded to failure at room temperature, the

deflection being increased at a rate of 0.5 mm/min until delamination occurred.

Steel Inserts

Figure 4.27 A Schematic [llustration of the Plain Curved Beam Test Configuration.

Since delamination occurs catastrophically, failure was recorded using a video camera

with maximum zoom local to the test section to facilitate visual inspection at the onset of
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4. Measurement of Material Response 113

configurations. It may clearly be seen that, at this specimen thickness, the failure surface of the
22.5" specimen lies in the region where the aluminum tabs are bonded. The 45° and 67.5°
specimens also suffered from a similar problem. In view of this, the specimen geometry was
reconfigured for 22.5°,45° and 67.5° specimens. Since it was not possible to extend the length
of specimen due to the manufacturing limitations associated with the thickness of the parent
plate, it was decided to reduce the thickness of the specimen from 5 mm to 3 mm as shown in
Figure 4.41. This thickness enabled the failure surface of the 22.5° specimen to terminate
outside the region of the loading tabs. Numerical analyses, presented in Chapter 5, revealed
that, even with flat rectangular geometry, there is a stress concentration due to the oblique angle
of the material lay-up direction. This acts so as to localise the failure and negates the need to
waist the specimen. Thus, a plain rectangular prism of 12 mm (length) x 6 mm (width) x 3 mm
(thickness) was selected. This specimen configuration will be referred to as ‘Oblique
Rectangular Prism’ (ORP) and the original specimen geometry (Figure 3.24) will be referred
to as ‘Notched Rectangular Prism (NRP). The same loading fixture configuration as shown in
Figure 3.25 was employed with the addition of chamfering at the inside edges of the aluminium
tabs in an attempt to minimise the aforementioned stress concentration at the specimen ends.

The audible sound of cracking was observed before catastrophic delamination occurred.
This sound pre-empted specimen failure although, unlike the CNB specimens, the visible
development of crazing in the surface was not present. Each load vs. displacement plot is
presented in Figures 4.42 - 4.53, all of which exhibit a brittle fracture characteristic. It can be
seen from Figures 4.46 - 4.49,4.52 and 4.53 that there is a ‘knee’ in the curves. This effect was
due to the strain hardening of the adhesive layer at the end fixtures. The failure loads for each
specimen, at each oblique angle and for each material, are presented in Tables 4.20 - 4.31. The

failure location of each specimen was also recorded using a low power microscope. The
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All of the NRP specimens exhibited two types of failure, i.e. failure at the centre of the
specimen and failure at some point along the notch profile. It is should be noted that only two
of the specimens (913UD and 916W) failed at the start of the notch radius, a result which
showed good consistency, as demonstrated by the low standard deviation value for each
material.

The results for all of the ORP specimens also showed good consistency. Of all of the
ORP specimens, the 45° specimen configuration showed the largest variation in failure
location followed by the 67.5 °specimen configuration. This variation was expected in the 67.5°
specimen because of the shorter length of the failure surface which is more easily formed

across the specimen thickness, a characteristic which is explained in more detail in Section

5.7.1.
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Chapter 5

Analysis of Laminates

5.1 Introduction

In Chapter 4 it had been demonstrated that fibrous composites exhibit a wide range of
behaviour depending upon the properties of the fibre and matrix constituents, the fibre
orientation of the laminae, and the type of loading. In this chapter the theoretical stress
distributions within the various types of notched specimens are obtained either analytically or
numerically. The solutions for most of the specimens, i.e. the Centrally Notched Beam, Plain
Curved Beam, Notched Curved Beam, Notched Rectangular Prism and Oblique Rectangular
Prism, are obtained numerically with the exception of the Iosipescu specimen for which an
analyti\cal analysis is presented. The use of sophisticated numerical procedures, in conjunction
with experimentally determined boundary and initial conditions, yielded the complete states

of stress, strain, and displacement for the given constitutive relations, boundary conditions and

initial conditions.
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5.2 The Modelling Methodology Used for the Finite Element Analysis

The material was assumed to be orthotropic such that the laminate could be considered
an orthotropic homogeneous continuum in which the elastic contributions from fibres and
matrix were represented by averaged bulk properties. The previously obtained elastic properties
(Table 4.5) were used as input. Additionally, a linear elastic response was assumed as most of
the specimens exhibited a linear load vs. displacement relationship up to the ultimate strength
at which point sudden failure occurred (brittle type failure characteristic). The process of
modelling was divided into two stages:

1. Modelling the specimen geometry and creating a suitable mesh for use in an FEA
utilising the PATRAN 3 computer software package.
2. Debugging the data input file by iterative use of the ABAQUS FEA software package.

The computational efficiency of an FE model in ABAQUS was improved by reducing
the bandwidth of the global matrix created during each analysis. The bandwidth of the FE
model created within PATRAN 3 was reduced using the Cuthil-McKee method within the
function optimise which is specific to PATRAN 3. This procedure reduced the bandwidth by
optimising and reconfiguring the node and element numbers.

In the ABAQUS FEA, 20 noded hexahedral elements were used as these solid elements
have been shown to improve the accuracy of the solution over that obtained using lower order
elements [5.1]. The extra nodes on the elements also allow the boundaries of the hexahedral
elements to be distorted from that of a plain parallelepiped and facilitated a more accurate
representation of the curved boundaries along the notch.

In the following sections only the final mesh is presented, though in order to reach these
optimal meshes several iterations were required. Since the dimensions of the specimens

differed between material batches, all of the models were parameterised so that slight variations
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in the geometry could easily be achieved. The stress distributions for each material were
obtained by altering the specimen dimensions and the engineering constants in the ABAQUS
input data file. All the models were deformed by applying a displacement at the loading points
until the reaction force at these loading points coincided with the failure load observed in the
experiments. It should be noted that, in the stress distributions which follow, the magnitude of

the contour levels were expressed in MPa for all models.

5.3 The Iosipescu Specimen

It is known that the shear stress distribution in the region between the two notch roots
is not perfectly uniform. A previous study using the UTC specimen, with a fillet radius of
approximately 0.25 mm at the notch root, showed that the maximum shear stress was
approximately 4 % higher than the mean level [5.2]. The Iosipescu specimens used in this study
also had a fillet radius of approximately 0.25 mm (Section 3.7.1). When 32 ply carbon/epoxy
(ACG T700/LTM45) laminates in three different lay-up configurations, i.e. unidirectional,
cross-ply and quasi-isoptropic, were tested to obtain the in-plane and interlaminar shear
properties, it was reported [5.3] that eq". 5.1 produced good agreement with the shear strength
values obtained by other researchers.

U

T:W (5.1)

where U, w and h are the ultimate force, distance between the two notches and thickness of the
specimen respectively. Therefore, it was assumed that the average shear stress could be defined
conventionally by the ratio of the ultimate force, U, as measured by the load cell, to the cross

sectional area between the two notches.
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5.3.1 Results and Discussion

The interlaminar shear strengths obtained from each test along with the final averages
are presented in Table 5.1. It was thought that 916W would yield the greatest strength due to
interactions within the complex fibre architecture (plain weave). It is clear from Tables 5.1 that
this was not the case. If the fibre volume fraction is considered to be one of the dominant
differences between 913UD and 916W, then this unexpected result can be explained. From
Table 4.2 we see that the fibre volume fractions of the 5 mm plate made from 913UD and
916W were 0.62 and 0.49 respectively. This difference is indicative of how closely the fibre

layers were packed for each material type.

Test No. 913UD 914NCF 916W

1 63.9 57.3 66.1

2 74.1 55.6 63.7

3 67.1 - 69.2

4 71.4 65.4 68.6

5 - 59.1 69.4
Average 02 506 615

Table 5.1 The Interlaminar Shear Strength (MPa) of Various Laminates.

Figure 5.1 shows the representative volume elements (RVE) for 913UD and 916W. It can be
seen from the schematic diagram that, owing to the crimped architecture, the fibre layer in a
plain weave lamina is thicker than that for a unidirectional lamina. As the fibre volume fraction
increases, the amount of fibre interaction with the adjacent layers increases due to the decrease

in the thickness of the matrix layer. Hence, for identical fibre volume fractions, we would
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specimen. The total number of elements used in the global model was 2064 with 3 elements
across the thickness and 4 elements across the width. Ridged elements were used to model the
pins and 27 noded hexahedral contact elements were used to simulate the steel inserts. The
necessity for this contact modelling method is due to the large deformations of the model such
that the loading points change orientation consistent with the deformation during the analysis
(Figure 5.3). Due to the curvilinear geometry, it was necessary to convert the element
co-ordinate frame from cartesian to polar coordinates to avoid erroneous results.

There were two sub-models for the 913UD model and one sub-model for the 914NCF
and 916W models. The first sub-model was used to improve the accuracy of the results by
using a very fine mesh (1800 elements) with 10 elements across the thickness and 5 elements
across the width. The model was still assumed to be homogeneous as shown in Figure 5.2. In
the second sub-model each layer was modelled in order to allow for heterogeneity of the
material as shown in Figure 5.2. This also allowed the material properties of a unidirectional
laminate, obtained from the manufacture’s data sheet (Table 4.5), to be employed instead of
the previously determined averaged properties. 39 elements in the through-thickness direction
were used and were given orientation angles of 0° or 90° as appropriate, relative to the

principal material coordinate system.

5.4.1 The Mechanics and Validation of the Sub-Modelling Technique

The sub-modelling technique is most useful when it is necessary to obtain an accurate
solution in a local region, the detailed modelling of which has a negligible effect on the overall
solution. The response at the boundary of the local region is defined by the solution for the
global model which, together with any loads applied to the local region, define the boundary

conditions for the sub-model solution which is run as a separate analysis. The only link
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between the sub-model and the global model is the transfer of the values of the time dependent
variables to the relevant boundary nodes (the ‘driven nodes’) of the sub-model. The only
information in the global model available to the sub-model analysis is the file output data
written during the global model analysis. This contains the undeformed coordinates of all
global model nodes and element information for all elements in the global model. In the solid-
to-solid case (current analysis) the position of the sub-model boundary nodes are determined
with respect to the global model and the appropriate element interpolation functions are used
to obtain the values of the degrees of freedom at these driven nodes.

For the purpose of assessing the reliability of the ‘sub-modelling’ function in the
ABAQUS FEA package, a series of simple analyses were conducted. Two global model
geometries, with three different loading conditions, were tested, ie. simple tension,
compression and cantilever bending. The first global model geometry consisted of three 20
noded hexahedral elements in series, as shown in Figure 5.4. The stress and strain distribution
and the reaction forces at each node were recorded. For the simple tension and compression
tests, one end was constrained and two surfaces were constrained such that the element could
deform longitudinally and the cross section could deform due to Poisson’s contraction. This
process eased the visual comparison of the deformation analyses during the ABAQUS post
processing. The encastre (built-in) boundary condition was used for the bending analyses with
point loads being applied at the free end. Again, stress, strain and reaction forces at each node
were recorded. The analyses were conducted using a homogeneous material (steel) and then
repeated using an orthotropic material (913UD). The centre element was then sub-modelled
using both 4 and 64 elements in order to assess the continuity along the boundary where the
solution from the global model is interpolated.

The second global model geometry consisted of seven 20 noded hexahedral elements
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in series which helped to identify the presence of any element scale effects. Again, the centre
element was sub-modelled using both 100 and 400 elements. From these simple tests, it was
found that the ‘sub-model’ technique yielded identical values to that of the basic analysis, 1.€.

a uniform stress field for the tension and compression analyses and a linear stress gradient for

the bending analysis.

T )
i )
; :

1
i |
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Y B — Y
Tension and Compression Cantilever

Figure 5.4 The Test Geometries and the Associated Boundary Conditions.

5.4.2 Results and Discussion

It can be seen that the total displacement was conserved from the global model to the
first sub-model (Figure 5.3) then to the second sub-model (Figure 5.5). The average stress
contour plots (Figures 5.6 - 5.10) in this section are presented with the abbreviated specimen
and material type, i.e. PCB3, PCB4 and PCB6, denoting Plain Curved Beam specimens made

from the 913UD, 914NCF and 916W materials respectively. The failure stresses for each
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specimen are tabulated in Tables 5.2 - 5.4. A comparison of the recorded interlaminar tensile
strength with that presented in the available literature is presented in Section 7.3.2 in

conjunction with results obtained from the NRP and ORP tests.

w— —— — e ——————————— s
w— — a— e —————————

Test No. Interlaminar Tension In-Plane Tension In-Plane Compression
1 34.4 584.1 487.2
2 35.8 613.0 512.4
3 35.8 613.0 5124
Average 35.3 603.3 503.7

Table 5.2 PCB3, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension In-Plane Tension In-Plane Compression
1 22.6 429.3 378.5
2 22.6 429.3 378.5
3 22.3 423.1 373.5
Average 22.5 427.2 _ 376.8

Table 5.3 PCB4, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension In-Plane Tension In-Plane Compression
1 24.6 584.0 515.4
2 24.2 572.3 504.5
3 23.3 540.3 476.8
Average 24.0 565.5 498.9

Table 5.4 PCB6, The Failure Stresses (MPa) Estimated from the FEA.
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failed due to hinging at the apex. The in-plane stress distribution is presented in Figure 5.10
and shows the large magnitude of the in-plane tensile and compressive stresses. Since the in-
plane tensile strength is generally higher than the in-plane compressive strength, it is most
likely that the failure initiated on the in-plane compressive side. This in-plane compressive
stress would have increased the amplitude of the warp as it threads under over the weft (Figure
5.11). This behaviour is not to be confused with buckling which happens suddenly at some
critical load. The increased amplitude of the warp would cause local matrix failures at the

concave side of the fibre bundles and subsequently lead to the ‘hinge’ like failure observed at

the notch apex.

5.5 The Notched Curved Beam Specimen (NCB)

Similarly to the Plain Curved Beam model, the ‘sub-modelling’ technique was
employed in order to obtain a more accurate and detailed solution. Both the global model and
the sub-model elastic material properties were representative of an orthotropic homogeneous
continuum. The main difference between this model and the Plain Curved Beam model is the
inclusion of a notch (Figure 5.12). The global model used 2232 elements with 3 element across
the thickness and 4 elements across the width. The total number of elements used in the sub-
model was 1900 elements with 10 elements across the thickness and 5 elements across the

width.

5.5.1 Results and Discussion
Again, the number after the abbreviation ‘NCB’ denotes the type of the material used
to construct the specimen. The deformations of the NCB specimens at failure (Figure 5.13)

were smaller than that of the PCB specimens (Figure 5.2) due to the stress concentration at the
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notch. The average stress distributions are presented in Figures 5.14 - 5.22 and the failure

stresses for each material are tabulated in Tables 5.5 - 5.7.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Compression
1 14.4 35.5 130.7
2 15.8 38.3 143.7
3 14.4 35.5 130.7
Average 14.8 36.4 135.0 _

Table 5.5 NCB3, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Compression

1 20.9 46.9 159.3
2 20.9 46.9 159.3
3 20.3 45.6 155.1
Average 20.7 46.4 157_;2

Table 5.6 NCB4, The Failure Stresses (MPa) Estimated from the FEA.

The induced stress distribution around the notch is shown to be invariant with respect to the
elastic material properties. The in-plane compressive stress caused local fibre buckling and
matrix failure at the root of the notch as explained in Section 4.5.1. Delamination initiated at
the root of the notch and then propagated between this and the adjacent ply. In summary, the
mechanism of failure began with fibre bulking followed by interlaminar shear (Mode II) and,
finally, separation of the laminae due to interlaminar tension (Mode I) leading to catastrophic

failure.
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V

Test No. Interlaminar Tension Interlaminar Shear In-Plane Compression
1 20.7 47.6 161 .8
2 20.7 47.6 161.8
3 19.7 45.2 153.4
Average 20.3 46.8 159.0

Table 5.7 NCB6, The Failure Stresses (MPa) Estimated from the FEA.

3.6 The Centrally Notched Beam Specimen (CNB)

Three mesh configurations were constructed for this specimen geometry and are shown
in Figures 5.23 -5.25. The total number of elements for the test thicknesses of 2, 3 and 4 mm
were 496, 512 and 368 respectively. The specimen is symmetrical about the mid planes of both
the width and the length and thus it was only necessary to model one quarter of the specimen.
Finally, it was necessary to assign a local coordinate frame to each element across the length
in order to conserve the orthotropic material coordinates of these elements relative to the global

coordinate frame irrespective of the induced deformations.

5.6.1 Results and Discussion

The deformations for each specimen of thickness, ¢, are plotted in Figures 5.26 - 5.28.
The average stress distributions for each material and each test thickness are shown in Figures
5.29 - 5.44. The failure stresses for each specimen are also tabulated in Tables 5.8 - 5.10. It
should be noted that the deformation plot for the 4 mm specimens is magnified by a factor of
two in order to clarify the deformed shape. The deformation of the 4 mm thick specimen is
close to that of the uniform beam specimen due to the small notch depth in relation to the

thickness. Because of the additional deformation of the specimen outside the region of the
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notch, there is an increase in the interlaminar tensile stress (Figures 5.32 to 5.34). However,

the magnitude of this interlaminar tensile stress was not large enough to cause delamination.

Test No. t Interlaminar Tension  Interlaminar Shear In-Plane Tension
1 2 5.5 32.7 642.5
2 2 5.8 34.6 611.8
3 2 4.9 28.9 587.6
Average 54 32.0 613.9
1 3 6.8 39.6 536.7
2 3 7.1 41.6 526.4
3 3 6.5 37.7 547.4
Average 6.8 39.6 536.8
1 4 4.8 34.8 491.3
2 4 4.6 33.2 481.8
3 4 4.7 34.2 501.1
Average 4.7 34.0 491.4

Table 5.8 CNB3, The Failure Stresses (MPa) Estimated from the FEA.

As discussed in Section 4.4.3, delamination was observed near the root of the notch.
The interlaminar shear and interlaminar tensile stresses and the longitudinal in-plane stress
were plotted in Figures 5.45 - 5.52. These stresses are normalised with respect to their
maximum values tabulated in Section 7.4.1. Figures 5.45 - 5.52 show the large longitudinal in-
plane stress at the centre of the specimen which drove the failure. In summary, the mechanism
of failure began with matrix cracking of a 90° ply or fibre distortion of a 0° ply due to the

longitudinal in-plane stress.
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Test No. t Interlaminar Tension  Interlaminar Shear In-Plane Tension
1 2 - - -
2 2 6.5 38.0 544.8
3 2 6.3 37.1 ‘ 531.6

Average 6.4 37.5 538.2
1 3 6.0 36.0 439.3
2 3 6.0 36.0 439.3
3 3 5.7 35.5 421.0

Average 5.9 35.8 433.2
1 4 4.9 37.6 545.1
2 4 5.0 38.1 552.0
3 4 4.9 37.4 541.8

Average 4.9 37.7 546.3

Table 5.9 CNB4, The Failure Stresses (MPa) Estimated from the FEA.

Test No. t Interlaminar Tension Interlaminar Shear In-Plane Tension

1 3 8.7 52.0 492.5
2 3 8.3 49.6 517.3
3 3 8.0 47.6 468.2
Average 8.3 49.7 492.6
1 4 5.1 38.1 460.0
2 4 5.0 37.3 439.5
3 4 5.2 38.8 453.2
Average 5.1 38.0 _ 450.9

Table 5.10 CNB6, The Failure Stresses (MPa) Estimated from the FEA.
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Subsequently, the interlaminar shear stress caused tearing of the matrix layer (Mode II failure)

and, finally, the interlaminar tensile stress opened the delamination zone leading to catastrophic

failure (Mode I failure).

5.7 The Notched (NRP) and Oblique (ORP) Rectangular Prism Specimens

The model shown in Figure 5.53 represents one eighth of the NRP specimen and
assumes symmetry about the mid planes of the length, width and breadth. During the iterative
process of identifying the ideal notch profile, the elastic properties for steel were adopted, i.€.
homogeneous and isotropic. Figure 5.54 shows a full scale model of the flat rectangular
geometry employed for the ORP specimen. The total number of elements used for the NRP and
ORP models were 360 and 216 respectively. For both the NRP and the ORP models, aluminum
tab was modelled using 20 noded hexahedral elements and the adhesive layer was modelled
using 27 noded hexahedral contact elements in order to accurately simulate the boundary
conditions at the interface between the specimen surface and the adhesive layer.

The stress distribution is presented in Figure 5.55 and shows the stress concentration
associated with the notch profile for the NRP specimen. The value of the stress concentration
factor is 1.09. The stress concentration factor for the ORP specimens varied with the material
oblique angle and the degree of anisotropy. This effect is discussed in Section 5.7.1.

The material oblique angle to the loading axis was specified using the ORIENTATION
command in ABAQUS which specifies the orientation of an element or element group locally
using either cartesian, cylindrical or spherical coordinates relative to the global cartesian
coordinate frame [5.1]. The validation of the ORIENTATION command was conducted using
an 8 noded hexahedral element with the elastic properties of 913UD. The boundary conditions

are shown in Figure 5.56. The stresses resulting from the application of a uniaxial load in each
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principal material direction were recorded. Subsequently, the same loading conditions were
achieved by using the ORIENTATION command to reorient the element material properties
relative to a fixed load vector. Effectively, for each principal material direction, a uniaxial load
was again applied allowing a comparison of the resultant stresses with those obtained without
using the ORIENTATION command. As expected, the stress and strain contour plots for

corresponding directions were identical. This provides ample confidence for the use of this

technique in this investigation.

2
]41 Global Coordinate
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Figure 5.56 The Boundary Conditions Used for the Validating the Orientation Command.

The direct stress in the loading direction obtained from the FEA was converted into
local stress components using the following equations:
The in-plane stress in the fibre direction is given by:
0L=oxcoszﬂ (5.2)
where o, is the applied stress and 6 is as previously defined in Figure 3.13.
The interlaminar tensile stress is given by:
=0,8in’0 (5.3)

Gr
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The interlaminar shear stress is given by:

T,,7=6,sinfcosH (5.4)

5.7.1 Results and Discussion

Table 5.11 presents the stress concentration factors due to the material oblique angle
and the degree of anisotropy. These stress concentration factors were calculated as a ratio of
the highest stresses to the average stresses. The stress distributions for each material and each
angle are presented in Figures 5.57 - 5.68. The interlaminar tensile and shear stresses and the
in-plane stresses for each test along with the respective average values are presented in Tables
5.12-5.23. Also, the stress distributions along the top surface for each material and each angle
are presented in Figures 5.69 - 5.72. Finally, Figures 5.69 - 5.72 show the locations of each

failure as observed in the experiments. These experimental results agree well with those

predicted by the FEA.
Angle 913UD 914NCF 916W
90° 1.18 1.17 1.18
67.5° 1.34 1.22 1.22
45° 1.09 1.07 1.04
22.5° 1.13 1.10 1.16

Table 5.11 The Stress Concentration Factor for Each Specimen Configuration.

It can be seen from Figures 5.57 - 5.62 that, for the oblique angles of 22.5° and 45°,
the stress distribution is close to symmetrical. The 67.5° model (Figure 5.70) yields an

asymmetric stress distribution despite identical boundary conditions to the 22.5° and 45°
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models.

Test No. Interlaminar Tension Interlamin:hear o I;—Pl;ne T—ensiong
1 713 0 0
2 83.0 0 0
3 74.0 0 0
4 82.3 0 0
5 70.3 0 0

Average 77.4 0 0

Table 5.12 NRP3, 6 = 90°, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension

1 58.8 27.1 10.3
2 60.1 28.5 10.4
3 61.7 26.4 10.3
4 66.2 27.5 10.3
5 58.8 25.0 10.4
Average 61.1 L 26.9 10_._3_ L

Table 5.13 ORP3, 6 = 67.5°, The Failure Stresses (MPa) Estimated from the FEA.

This is due to edge effects induced by the loading fixture. Using the off-axis coupons (oblique
angled specimen) Chamis et al. [5.4] demonstrated that large oblique angles are sensitive to
edge effects induced by the loading fixture. However, Figure 5.70 shows that the failure did
not occur at the edge of the loading fixture. The precise locations are presented in Tables 4.20,

4.24 and 4.28. The 45 ° specimens produced the longest bandwidth across the failure region due
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to the low stress gradient along the surface (Figure 5.71). Although the 22.5° specimens show
a more uniform stress distribution than that of the 67.5° specimens, the region where failure
occurred is concentrated near the edge of the loading fixture (Figure 5.72). This effect should
not be confused with stress concentrations along the edge of the loading fixture. Though there
is a slight stress gradient, this effect was mainly due to the large failure surface length across

the thickness of specimen, as previously shown in Figure 4.41.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 48.8 48.8 48.8
2 41.7 41.7 41.7
3 45.8 45.8 45.8
4 45.8 45.8 45.8
5 45.8 45.8 45.8
Average 45.6 45.6 45.6

Table 5.14 ORP3, 0 = 45°, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension

1 18.3 32.7 155.1

2 24.6 34.6 143.6

3 17.1 28.9 147.9

4 234 39.5 136.5

5 22 4 41.6 130.8
Average 211 354 1428

Table 5.15 ORP3, 6 = 22.5°, The Failure Stresses (MPa) Estimated from the FEA.
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Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 25.0 0 0
2 21.3 0 0
3 24.3 0 0
4 22.6 0 0
5 23.6 0 0
Average 23.4 0 0

Table 5.16 NRP4, 6 = 90°, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 24.1 9.5 5.0
2 23.0 9.6 52
3 23.4 9.7 59
4 23.3 10.8 5.7
5 23.2 9.0 54
Average 23.4 9.7 5.4

Table 5.17 ORP4, 6 = 67.5°, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension

1 18.3 18.3 18.3
2 17.9 17.9 17.9
3 19.5 19.5 19.5
4 19.5 19.5 19.5
5 17.9 17.9 17.9
Average 18.6 18.6 18.6

Table 5.18 ORP4, 6 = 45°, The Failure Stresses (MPa) Estimated from the FEA.
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Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 13.0 31.6 119.4
2 12.7 31.0 118.1
3 15.0 30.5 102.4
4 15.1 30.8 103.1
5 16.5 34.0 110.9
Average 14.5 31.5 110.8

Table 5.19 ORP4, 6 = 22.5°, The Failure Stresses (MPa) Estimated from the FEA.

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 24.0 0 0
2 353 0 0
3 31.3 0 0
4 29.3 0 0
5 35.0 0 0
Average 31.0 0 0

Table 5.20 NRP6, 6 = 90°, The Failure Stresses (MPa) Estimated from the FEA.

________—_—_——————_-————————___—————_——'—————-—_-—_—-——__——

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 33.4 13.8 5.7
2 334 13.8 5.7
3 32.0 13.2 54
4 30.5 12.6 5.2
5 29.1 12.0 5.0
Average 31.7 13.1 54

Table 5.21 ORP6, 0 = 67.5°, The Failure Stresses (MPa) Estimated from the FEA.
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Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 17.9 17.9 17.9
2 19.4 19.4 19.4
3 21.5 21.5 21.5
4 23.6 23.6 23.6
5 28.4 28.4 28.4
Average 20.2 20.2 20.2

Table 5.22 ORP6, 6 = 45°, The Failure Stresses (MPa) Estimated from the FEA.

———————————
e ——————

— — —— —— —— —
— — ——— ———— —— —

Test No. Interlaminar Tension Interlaminar Shear In-Plane Tension
1 10.8 57.3 60.4
2 8.6 60.0 50.5
3 8.9 56.7 51.9
4 9.5 58.7 55.4
5 9.8 58.7 57.6
Average 9.4 58.1 55.1

Table 5.23 ORP6, 0 = 22.5°, The Failure Stresses (MPa) Estimated from the FEA.

5.8 The Accuracy of the Finite Element Models

The accuracy of the FEA estimations were established by comparison with the
experimentally measured displacements at the failure loads (Table 5.24) expressed as
percentage differences. As discussed in Section 5.2, all of the models for a given specimen type
were identical with the exception of geometric and material characteristics. Despite variations

in the estimated displacements, all of the FE analyses were conservative. The 913UD and
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916W models showed good agreement with experiment whilst the 914NCF models were more

conservative.
913UD 914NCF 916W

PCB 3 11 4

NCB 0.3 12 5

CNB, r = 2 mm 4 8 -
CNB, t = 3 mm 2 7 4
CNB, r =4 mm 3 7 4
ORP,0=225"° 2 9 6
ORP,0=45° 3 7 5
ORP,0=67.5"° 3 7 6
NRP, 8 = 90 ° 2 6 4
Average 2.5 8.2 4.8

Table 5.24 A Comparison of the Load Point Displacement at Failure.

Two main factors were thought to be responsible for the 914NCEF results:

a) As mentioned in Section 4.2.4, the elastic properties employed for all of the FE models
were based on the elastic properties obtained from the 13 mm thick plate which showed
the greatest difference in the fibre volume fraction from the 914NCF curved plate, this
being 4 % higher than that of the 13 mm plate (Table 4.2). It was previously thought
that this 4% difference would not significantly affect the results of the FE analysis.
However, the FEA results for 914NCF indicate that this is not the case and that, as a

consequence of the corresponding inaccuracies in the elastic properties, the model had

insufficient stiffness.
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b)

The 916W material configuration requires one lamina and the 913UD material
configuration requires at least two laminae to represent its lay-up configuration, i.e. the
0°/90°cross-ply, whereas the 914NCF material configuration requires at least four
laminae, i.e. the 0°/-45°/+45°/90° quasi-isotropic ply, to represent its lay-up
configuration. However, due to the limited thickness of the parent plates which could
be manufactured, the strain gauge length used was limited to 1 mm in the through-
thickness direction. Within a 1 mm gauge length there were approximately 8, 7, and 4
laminae for the 913UD, 914NCF, and 916W material configurations respectively. Thus,
the average bulk properties of 914NCF were only measured over 1.75 sets of basic lay-

up configurations with a consequential increase in the probability of error.
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Chapter 6

Moiré Interferometry

6.1 Introduction

In numerous publications regarding the FEA of composite materials, the results of the
models used were validated by comparing the experimental displacement at failure with the
displacement yielded by the model when subjected to the failure load. This approach is
common practice for many conventional isotropic materials, i.e. steel, aluminium, iron etc., and
is backed up by many years of research. However, in the analysis of anisotropic materials, the
availability of analytical solutions is very limited. Moreover, stress distributions in simple
geometries can not be established intuitively due to the heterogeneity which alters the stress
distribution significantly over that of a homogeneous material with identical geometry. In the
present investigation, a nonlinear notched geometry, €.g. notched curved beam, had to be
employed due to the limitations associated with the length of the specimens. This chapter

presents a validation of the FE models using the experimental technique, Moiré Interferometry.

171
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Moiré€ interferometry is a relatively new method, developed largely in the 1980's. It
matured quickly and is now employed in laboratories all over the world. It is known by various
names, including laser Moiré interferometry, interferometric Moiré and high sensitivity Moiré€.
It provides whole-field maps of in-plane displacement fields. It does so with subwavelength
sensitivity, high spatial resolution, high signal-to-noise ratio and an extremely large

displacement range. The principals of Moiré interferometry are discussed in The SEM

Handbook [6.1].

6.2 Description of the Apparatus

Figure 6.1 shows a schematic illustration of the laser apparatus configuration. A cross-
line diffraction grating of frequency 1200 /mm is replicated on the specimen and deforms
together with the specimen. A 10 mW Helium-Neon laser provides the light beam which is
expanded through a pin hole and collimated using a collimating lens. This illuminates the
specimen grating and the interferometer which consists of a light frame and three adjustable
mirrors, M1, M2, and M3. In order to obtain the u displacement field, half the incident beam,
BI, (Figure 6.2) impinges directly on the specimen surface while the other half, B2, impinges
on the mirror, M3, and then reflects to the specimen in a symmetrical direction to form a virtual
grating (reference grating). This virtual grating has a frequency twice that of the specimen
grating and interacts with the vertical set of lines of the specimen grating to form a Moiré
fringe pattern which is recorded using a CCD camera. Similarly, two incident beams, A/ and
A2, impinge on the mirrors, M1 and M2, and then illuminate the set of grating lines
perpendicular to the y axis to produce the v displacement field. In this four-beam optical

arrangement, the u and v displacement fields are obtained by using the beam pairs Al & A2 and

Bl & B2 simultaneously.
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adhesive from the grating edge. In order to resolve this problem, cellotape was used along the
front and back surfaces of the specimen to prevent excess adhesive from bonding to the

adjacent faces. This simple method was found to be very successful and was adopted for the

production of subsequent specimens.

6.5 Results and Discussion

In the following sections, the strain distributions obtained experimentally using Moiré
interferometry are compared with those obtained from the FE analyses. It should be noted that
the applied load and resultant displacement for each specimen type were recorded durin g each
Moir€ analysis and these values were then used to obtain the corresponding FE strain
distributions. This should not be confused with the FE analyses presented in Chapter 5 which
used the displacement at failure load. It should also be noted that there is an offset in the Moiré

plots due to small, unavoidable, misalignments in the setup.

6.5.1 The Plain Curved Beam Specimen
In an attempt to validate the FE analysis, the strain distribution in two principal
directions, i.e. the through-thickness direction and circumferential direction, were compared

with the results of the Moiré interferometry analysis.

Data Line

Figure 6.5 PCB, The Location of the Strain Distribution Data Used for Comparison.
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Figure 6.6 shows the location where the strain data was collected. It was thought that the PCB6
FEA results would be the least consistent with the experimental results as no delamination was
observed at failure. Thus, the 916W specimen was chosen for the Moiré analysis. The in-plane
strain distribution (Figure 6.7) agrees well with that of the FEA results. The interlaminar
through-thickness strain distribution shows slightly larger differences between the Moiré results
and the FEA results. However the nature of the curves are essentially the same. The differences
may be attributed to the large difference in magnitude between the in-plane strain and the
interlaminar through-thickness strain. The in-plane strain due to bending is much greater than
the interlaminar through-thickness strain and for this reason, the Moiré fringe pattern for the
in-plane strain is more clear. However, due to the restriction placed on the deformation of the

aluminium grating, a higher load could not be used in order to obtain a better fringe pattern for

the interlaminar through-thickness strain.

6.5.2 The Notched Curved Beam Specimen
All of the specimens exhibited almost identical stress distributions in the FE analyses
and thus it was considered adequate to analyse only one specimen via Moiré interferometry for

comparison of the resulting strain distribution with the FEA results.

Data Line

Figure 6.8 NCB, The Location of the Strain Distribution Data Used for Comparison.
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type, in spite of varying thicknesses, use the same modelling functions. The FE models for each
material of the same test thickness show almost identical stress distributions. Therefore, it was
assumed that, if the stress distribution of one specimen configuration obtained via Moiré
interferometry agrees well with the FEA results, this FE model would be equally valid for all
specimen thicknesses. In this Moiré analysis, 4 mm thick CNB6 specimens were used and

Figure 6.12 shows the location of the data points collected from the specimen.

Data Line
/

Figure 6.12 CNB, The Location of the Strain Distribution Data Used for Comparison.

One major difficulties experienced during the Moiré analysis was the high elastic deformations
which resulted in the test section moving beyond the focus zone of the image objective lens.
Therefore, the specimen was loaded to the limiting point at which focus could be achieved.
This caused the difference in the magnitude of the in-plane and the interlaminar stresses, as
discussed in Section 6.5, to become more pronounced. It may be seen from in Figure 6.13 the
interlaminar through-thickness strain distribution was not clear due to insufficient load. Since
the in-plane and interlaminar shear strain distributions (Figures 6.14 and 6.15) showed good
agreement with the FEA results, it is reasonable to assume that, if sufficient load could be
achieved, the interlaminar through-thickness strain would also yield an improved correlation.
However, redesigning the optical system in order to increase the focus zone was not attempted

due to constraints upon time and resources.









Chapter 7

Correlation and Interpretation of Results

7.1 Introduction

The scanning electron microscopic (SEM) fractographs previously taken from the
Tosipescu, Plain Curved Beam, Notched Curved Beam and Centrally Notched Beam specimens
are discussed in this chapter in an attempt to correlate the macroscopic failure mechanism to
the microscopic failure mechanism. The interlaminar tensile and interlaminar shear strength
values obtained experimentally are also correlated with those in the available literature.

Most of the existing strength information is based upon the uniaxial stress state,
whereas practical applications invariably involve more complex stress fields. In view of this,
two-dimensional and three-dimensional failure maps were developed. The two-dimensional
failure map shows clearly the effect of interactions between the interlaminar tensile and the
interlaminar shear stresses. This two-dimensional failure map was subsequently expanded to

three-dimensional space in order to include stress interactions at failure between interlaminar
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stresses and in-plane stresses.

7.2 Analysis of the Failure Surface

The Iosipescu specimen was analysed in order to confirm that the failure was due to
pure shear. This would confirm the validity of the Iosipescu test when using dovetail clamps.
Two different methods were employed in this investigation, direct and indirect, as described
in Section 3.5. The Notched Rectangular Prism and Oblique Rectangular Prism specimen
configurations are the direct methods which create a relatively uniform stress field at the failure
section. The Plain Curved Beam, Notched Curved Beam, and Centrally Notched Beam
specimens are the indirect methods which usually utilise bending to create dramatically non-
uniform stress distributions at the failure surface. Unlike the Notched Rectangular Prism and
Oblique Rectangular Prism tests, the stresses in the Notched Curved Beam and Centrally
Notched Beam tests were not defined analytically. In view of this, and in order to validate the
results obtained from the FE analyses, SEM analyses were conducted on these specimens.

The morphology of interlaminar fractures in UD graphite/epoxy composites has been
characterised by Arcan et al. [7.1] in order to correlate characteristic fractographic patterns for
different failure modes. The tests were conducted with a specially designed loading system
which allowed the induction of Mode I and II failure either in isolation or in combination. It
was found from the SEM fractographs that the fibres were covered with a film of matrix
material and that the matrix fracture surface consisted of hackles resulting from interfacial
tensile or interfacial shear failure. The density of the hackles increased from Mode I to II.
Similar work using UD graphite/epoxy laminates [7.2, 7.3] also showed that, for Mode I, the
fracture surface was relatively smooth and featureless whilst, for Mode I, the surface showed

numerous inclined hackles of epoxy oriented in the shear direction. Mixed mode failures
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showed good continuity between the two extremes, i.e. the number of hackles increased with
the shear loading. Although all of the work described above is based upon the unidirectional

lay-up configuration, it was found that the failure surface for the cross-ply lay-up configuration

still resembles that of a unidirectional laminate [7.4].

7.2.1 The losipescu Specimen

Figure 4.12 shows the failure surface for a cross-ply lay-up configuration. Numerous
hackles can be observed in the matrix between the fibres. The fibres themselves display smooth
surfaces which indicates poor bond strength between the fibre and matrix materials. However,
the failure surface for the quasi-isotropic lay-up configuration, as shown in Figure 4.13,
exhibits a thin matrix film attached to the fibres with numerous hackles clearly visible. The
failure surface for a woven laminate is shown in Figure 4.14 and is similar to that shown in
Figure 4.13 with the addition of broken fibres which are misaligned with the rest of the lamina.
This implies that there is an interaction between the fibres due to the woven fabric architecture.
The fractographic pictures match those previously discussed for interlaminar shear failure
(Mode II). We may, therefore, conclude that the dovetail clamps do produce pure shear at the

V- notched test section.

7.2.2 The Plain Curved Beam Specimen

The failure surface for the cross-ply lay-up configuration is shown in Figure 4.34 and
has hackles which point in a direction normal to the viewing plane. This indicates that the
matrix failed due to interlaminar tension (Mode I) induced by the in-plane compressive stress.
As discussed in Section 5.4.2 the large in-plane compressive stress caused the outer 0° ply (37"

or 39™) to buckle and separate from the adjacent 90° ply. Figure 4.36 shows the failure surface
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of the quasi-isotropic lay-up configuration. Unlike Figure 4.34, this depicts a rough surface in
the troughs previously occupied by fibres. The right corner of the picture shows a portion of
the matrix material which bonded these two adjacent laminae. This is indicative of, a) high
interfacial bond strength forcing tearing of the matrix material and b) classical matrix failure
through the matrix rich layers between fibre bundles. The lower fibre volume fraction of PCB4
in comparison with that of PCB3 is further evidence of the presence of matrix rich layers
(Table 4.2). Although Figures 4.34 and 4.36 show different failure surface characteristics, the
location of the maximum interlaminar tensile stress in the FEA correlates well with the
experimentally observed failure positions. This clearly indicates Mode I failure in spite of the

poor correlation of the SEM results with those in the established literature.

7.2.3 The Notched Curved Beam Specimen

Figure 4.35 shows a mixed mode failure surface for a cross-ply lay-up configuration.
As discussed in Section 7.2 the density of hackles increases from Mode I to Mode II and, in
view of this, this surface indicates that shear stresses were dominant over tensile stresses in this
failure. The FEA results confirm that the magnitude of the interlaminar shear stress is greater
than that of the interlaminar tensile stress at this location. Figures 4.37 and 4.38 show the
failure surfaces for the quasi-isotropic and woven lay-up configurations respectively. These
figures are inconclusive, a result which is considered attributable to the differences in the
characteristics of the matrix materials. As previously mentioned in Section 7.2.2, Figure 4.36
depicts a purely interlaminar tensile failure (Mode I), however, Figure 4.37 shows more hackles
than can be seen in Figure 4.36 which is indicative of the presence of interlaminar shear (Mode

II). We may, therefore, conclude that Figure 4.37 depicts mixed mode failure.
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7.2.4 The Centrally Notched Beam Specimen

The failure surface for the cross-ply lay-up configuration is shown in Figure 4.24. The
fibres are covered with a film of matrix material and the failure surface consists of hackles
resulting from mixed mode failure. The presence of both interlaminar shear and interlaminar
tensile stresses correlate well with the FEA results which predict that the magnitude of the
interlaminar shear stress is larger than that of the interlaminar tensile stress. Fi gure 4.25 depicts
the failure surface for the quasi-isotropic lay-up configuration which shows smooth fibre
surfaces indicating poor interfacial bond strength. In contrast, Figure 4.26, which depicts the
failure surface for the woven lay-up configuration, shows a rough surface covered with inclined
hackles indicating the presence of interlaminar shear stress. Also visible are broken fibres,
some of which are well aligned with the parent lamina fibres and indicate the presence of in-
plane tensile stress in the failure zone, others are misaligned with the parent lamina fibres and

indicate the presence of fibre interactions due to the woven fabric architecture.

7.3 Correlation of the FEA Results with those in the Available Literature

Unlike carbon/epoxy composites, there is relatively little information in the available
literature on the mechanical properties of glass/epoxy composites. This is especially so with
respect to the availability of mechanical properties data in the through-thickness direction.
Therefore, an attempt was made to validate the strength data obtained from this investigation
by a) direct comparison with data available for the exact laminate configuration used or b)
correlating the available data with similarities, i.e. the same matrix or fibre architecture. The
FEA results for the average interlaminar shear stress and the average interlaminar tensile stress

are tabulated in Table 7.1.
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% — ——
Specimen Type 913UD 914NCF 916W

Interlaminar Shear (MPa) IO 69.2 59.6 67.5
Interlaminar Tension (MPa) PCB 35.3 22.5 -
NRP 77.4 23.4 31.0

\

Table 7.1 The Average Interlaminar Stresses Estimated Using FEA.

7.3.1 The Interlaminar Shear Strength

In a previous investigation at the Oxford UTC using Iosipescu specimens, the average
shear strength of the carbon/epoxy (T300/914) with a cross-ply lay-up configuration was found
to be 60 Mpa [7.5]. Other studies using losipescu specimens reported that the interlaminar
shear strength of carbon/epoxy (T300/934) with a unidirectional lay-up configuration was
approximately 56 MPa [7.6]. Though this is not a direct comparison between identical laminate
types, the carbon/epoxy (T300/914) results agree well with that of 914NCF. Since both of these
laminates were made using the same matrix material and with the interlaminar shear strength
being a test of matrix dominated properties, this indirect comparison was the closest available

validation of the results of this research.

7.3.2 The Interlaminar Tensile Strength

Using the C-shape specimen configuration, Hognestad [7.5] tested T300/914
carbon/epoxy laminates and found that the average interlaminar tensile strength was 30 MPa.
Hallet [7.7], who tested the same material using the cylindrical specimen configuration, found
the strength to be 73.43 MPa. The interlaminar strength of flat rectangular specimens made
from XAS/914 carbon/epoxy was found to be 83 Mpa [7.8]. Using the elliptical curved beam

specimen configuration, Hiel ef al. [7.9] obtained an average interlaminar strength of 107.1
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MPa for T300/934 laminates. Cui [7.10] investigated YO227/SER300 woven glass/epoxy
laminates using the C-shape specimen configuration and found the average interlaminar tensile
strength to be 31.8 MPa.

The interlaminar strength obtained from the NRP3 tests was higher than that obtained
from the PCB3 test. At the interface between plies of different orientation there is a mismatch
in Poisson’s ratios which gives rise to an increase in interlaminar tensile stress at, and near, the
cross sectional surface of the laminate when subjected to in-plane tension [7.11]. It was thought
that the PCB3 would be subjected to these free edge effects. However, the dominant failure
zone was subjected to in-plane compression and indicates that the failure was most likely due
to fibre buckling leading to delamination (Section 5.4.2).

The interlaminar strength obtained from the PCB4 tests agrees well with that obtained
from the NRP4 tests. Hognestad [7.5] reported that the typical delamination location was
between one third and one half of the thickness from the inner radius of the C-shape specimens.
The delamination location of the PCB4 specimens obtained in this research was consistent with
these findings. Also, the average interlaminar strength obtained herein agrees well with
Hognestad’s results.

Since the PCB6 specimen did not exhibit delamination failure, a comparison with Cui’s
results could not be drawn. Instead the interlaminar tensile strength obtained from the NRP6
specimen was compared with that of Cui’s C-shape specimen. The NRP6 specimen yielded a

similar interlaminar strength than that obtained by Cui.

7.4 An Evaluation of the Test Techniques Employed

The Iosipescu specimen configuration, utilising ‘dovetail’ clamps, has been shown to

produce reliable and representative interlaminar shear strength data. Although the interlaminar
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tensile strength data for carbon/epoxy laminates using the Plain Curved Beam specimen
configuration have been found to be reliable, its applicability to glass/epoxy laminates is less
convincing. In this investigation, the in-plane stresses are close to their maximum values due
to the lower Yong’s modulus of glass fibre in comparison to that of carbon fibre. Consequently,
the in-plane stresses dominate local matrix failure and magnify free edge effects. The Notched
Rectangular Prism specimen configuration produced reliable interlaminar tensile strength data.
For combined stress conditions, the Centrally Notched Beam specimen and Notched Curved
Beam specimen configurations are found to be unreliable as the induced stress fields in the
region of the notches are too complex to yield meaningful strength data. The Oblique
Rectangular Prism specimen configuration produces reliable data for interlaminar strength

under a combined state of stress and facilitates precise control over the interlaminar tensile

stress to interlaminar shear stress ratio.

7.5 Establishing Failure Maps

Failure of thick laminated composites is very different from that of unidirectional
laminates. When a thick laminated composite is subjected to in-plane loading, it is generally
true that microscopic failures occur in one or more layers of the laminate prior to the final
failure of the laminate into two or more pieces. These microscopic failures are arrested from
catastrophic crack growth by the constraints of adjacent layers. However, if a thick laminate
is subjected to a combination of in-plane and out-of-plane loading, the macroscopic theories
discussed in Chapter 2 are not applicable. This is because these theories assume that each layer
is in a state of plane stress, an assumption which is not compatible with the occurrence of
interlaminar stresses in the through-thickness direction [7.12]. It must be emphasised that,

whilst these stresses are called interlaminar, indicating that they act between layers, they are
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not limited to the interface between layers. Stress continuity requires that they vary in a

continuous manner through the thickness of all of the layers of the laminate [7.13].

7.5.1 The Two Dimensional Failure Envelope

Owing to the lack of simple yet representative lamination theories which realistically
account for interlaminar stresses in the through-thickness direction. The empirical
establishment of a failure envelope, which accounts for stress interactions at failure, was
attempted using the data obtained in this investigation. The interlaminar and in-plane strength
values are tabulated in Table 7.2. It was assumed that, with the cross-ply fibre configuration,
the transverse fibres had no contribution to the longitudinal strength. Thus, we may consider
an analogy between the cross-ply configuration and the unidirectional configuration. This
analogy allows us to estimate the strength of the cross-ply lay-up by calculating a new fibre
volume fraction ignoring the transverse fibres and using a linear estimation based upon the
strength and fibre volume fraction for a unidirectional laminate. This simple analogy allows
us to obtain a value for the axial strength using the manufacturer’s data and results in a strength
estimated for the cross-ply lay-up configuration of approximately one half of the strength for

a unidirectional lay-up.

913UD 914NCF 916W Cui [7.10]

Interlaminar Shear (MPa) 69.2 59.6 67.5 34.0
Interlaminar Tension (MPa) 83.0 25.0 31.0 31.8
In-Plane Tension (MPa) 622.0 552.0 498.0 473.0
In-Plane Compression (MPa) 501.0 450.0 479.0 388

Table 7.2 The Strength for Each Material.
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to the ORP specimen and tested oblique angles of 20°, 30°, 45°, 60°, 75° and 90°. These
small increments of the oblique angle provided better resolution for the interlaminar failure
strength envelope. It should be noted that Cui’s failure envelope is almost identical to that for
916W. Therefore, we may conclude that this, hi ghly non-linear result, is a real effect and is not
due to experimental error.

In order to draw a comparison between existing theoretical approximations, i.e. linear
and quadratic, two curves have been added to Figures 7.1 - 7.3 which have also been divided

into 3 regions as indicated in the plots. The linear and quadratic assumptions are given by the

equations:

= +=] (7.1)
2 2
( G*) +[1) =1 (7.2)
(0) T

where 6, 6", Tand T are direct stress, ultimate strength, shear stress and ultimate shear strength

respectively. Two distinct features can be observed from the linear assumption; a) in the first
region, where the interlaminar shear stress 1s dominant, it is optimistic and b) in the third
region, where the interlaminar tensile stress is dominant, it is conservative. The quadratic
assumption represents a significantly more gross approximation with the exception of Figure
7.3. We can see from Figure 7.3 that the quadratic assumption only seems reasonably accurate
beyond a normalised interlaminar tensile stress of approximately 0.7. However, even this
limited correlation can not be confirmed without significantly more experimental data in this
region. The large differences seen in Figures 7.1 - 7.3 are considered to be attributable to the
complexity of the failure mechanism for thick composite materials in the through-thickness

direction when subjected to combined interlaminar tensile and interlaminar shear stresses.
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Let us define an ‘interlaminar interaction coefficient’, €, this being defined as the ratio

of the interlaminar tensile stress to the sum of the interlaminar tensile and interlaminar shear

stresses:

E=——"n (7.3)

where ¢, and 7, are the interlaminar tensile and interlaminar shear stresses respectively. Thus,
for pure interlaminar shear & = 0 and for pure interlaminar tension & = 1. In Figure 7.3 the first
region shows a decrease in the interlaminar shear strength from £ = 0 to & = 0.29. The second
region shows a plateau ranging from & = 0.29 to £ = 0.45. Finally, the third region, in which the
interlaminar tension becomes dominant, shows a steep decrease in the interlaminar shear
strength ranging from £ = 0.45 to £ = 1. The ranges of the interlaminar interaction coefficient
for each region and each material are tabulated in Table 7.3. When comparing 916W with
913UD and 914NCF, 916W shows superior interlaminar shear strength under combined stress
conditions. It may be seen from Figure 7.3 that the interlaminar shear strength decreases
dramatically beyond an interlaminar interaction coefficient of £ = 0.45. Before this point, the
interlaminar shear strength remains relatively insensitive to changes in the interlaminar tensile
stress. This superior strength of 916W when subjected to combined stress conditions is due to
the complex fibre architecture (plain weave) interacting with adjacent layers and, in turn,
enhancing the interlaminar shear strength. Also, with reference to Table 7.2, we can see that,
for a given fibre volume fraction, the cross-ply lay-up configuration (913UD) shows superior
interlaminar shear strength when subjected to pure shear loading.

With reference to Table 7.3, the 913UD lay-up configuration shows superior
interlaminar tensile strength under combined stress conditions when interlaminar tension is

dominant (Region 3). This effect was thought to be due to the high fibre volume fraction and
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the high interfacial bond strength between fibre and matrix. From Table 4.2 we may see that
each 913UD plate had a fibre volume fraction over 0.6, in contrast with each 916W plate which
had a fibre volume fraction of approximately 0.5. This fibre volume fraction leads to thinner
matrix layers (Figure 5.1) and, in turn, yields a more uniform strain distribution across their
thicknesses. Furthermore, this makes the interfacial bonding between fibre and matrix the
limiting factor for interlaminar tensile strength. This is a mode of failure which has been
observed in many polymer matrix composites [7.14] and which has also been seen in the SEM
fractographs presented in Chapter 4. As a result, 913UD showed superior interlaminar tensile
strength to that of 916W and 914NCF due to the higher fibre volume fraction. This effect also

explains the difference in the interlaminar interaction coefficients between 914NCF and 913UD

in region 3 of Figures 7.1 and 7.2.

Region 1 Region 2 Region 3
Starts Ends Starts Ends Starts Ends
913UD 0 0.35 0.35 0.54 0.54 1
914NCF 0 0.36 0.36 0.51 0.51 1
916W 0 0.29 0.29 0.45 0.45 1

Table 7.3 The Interlaminar Interaction Coefficient, &, for Each Material and Each Region.

7.5.2 The Three Dimensional Failure Envelope

In practice, a failure envelope which accounts for stress interactions at failure, requires
at least a six dimensional stress space in order to account for the three in-plane stresses and the
three interlaminar stresses. As discussed in Section 2.6, the failure of thick laminates is

strongly influenced by interlaminar stresses. The interlaminar tensile and interlaminar shear
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stresses in the NCB, and ORP specimen configurations, these two specimen configurations are

relatively insensitive to interactions between these stress components. The low magnitude of

the in-plane stress also dictates that any free edge effect will be small.
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Chapter 8

Conclusions and Further Work

8.1 Epilogue

In total, six tests, i.e. Iosipescu, Notched Rectangular Prism, Oblique Rectangular
Prism, Centrally Notched Beam, Plain Curved Beam and Notched Curved Beam, have been
conducted in an attempt to obtain parts of the through-thickness failure map. Three different
material lay-up configurations, i.e. cross ply, quasi-isotropic ply and woven ply, were tested
using these techniques in order to establish their strengths when subjected to interlaminar
stresses. The use of the aforementioned test techniques helped to identify the interlaminar shear
and interlaminar tensile strength of those laminate configurations both in isolation and in
combination.

There is no existing standardised test protocol for either the interlaminar tension test
or the combined interlaminar shear/interlaminar tension test. The design of the specimens was

driven by the relevant test methods, i.e. direct and indirect. The direct methods create a

204
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relatively uniform stress field at the failure section whereas the indirect methods usually utilise
bending to create dramatically non-uniform stress distributions at the failure surfaces. In order
to avoid any defects associated with the manufacturing processes for the specimens, special
care was employed, i.e. periodic reconditioning of the grinding wheel, continuity of machine
and operator for all specimens and continuous inspection of specimen integrity using a
microscope and an ultrasonic C-scanner. This meticulous attention to detail was intended to
minimise the levels of scatter in the results attributable to manufacturing damage and the
experimental results showed correspondingly good consistency.

For the Iosipescu specimen, a modification to the experimental apparatus was
developed which used a pair of dovetail clamps (Figure 4.6) to mechanically restrain the
specimen. This new technique was verified experimentally via the use of photoelasticity which
revealed the absence of any stress concentrations along the interface between the Iosipescu
specimen and the dovetail clamps. This new technique facilitated the testing of small
specimens cut from the same parent plate as the other specimen types and thus eliminated any
errors associated with the manufacture of the requisite thicker plate, i.e. mismatch in the fibre
volume fraction and the magnitude and distribution of residual stresses.

With the exception of the Iosipescu test, for which an analytical solution is available,
all of the other tests had been solved numerically using the ABAQUS FEA package. The use
of the ABAQUS FEA package, in conjunction with experimentally determined boundary and
initial conditions as input, yielded the complete state of stress, strain and displacement. The FE
models which were developed, were verified experimentally using the Moiré interferometry
technique. More specifically, the strain distributions obtained via Moiré€ interferometry were
compared with those of the FE analyses and found to correlate well. The accuracy of the FE

models were estimated by comparing the experimentally obtained displacements at failure with
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the FEA displacements at the failure load. All of the FEA results were conservative and the
error bandwidth was found to average 5.2 %.

For the indirect test methods and the losipescu test, in order to correlate the
macroscopic failure mechanism with microscopic failure mechanism, fractographic analyses
were conducted using a SEM. In these fractrographic analyses the stress components estimated
using FEA were used as a basis for identifying the dominant failure stress acting at the failure

surface. The features of each failure surface were then compared with those fractographs

available in the literature and found to correlate well.

8.2 Conclusions

Cui [8.1] examined the behaviour of thick composite plates when subjected to
interlaminar shear and interlaminar tensile stresses either in isolation or in combination and
discovered the resulting characteristics to be highly non-linear. Cui felt that these results were
the product of experimental errors. However, identical characteristics have been identified in
this research (Figures 7.1 - 7.3) which leads to the conclusion that these characteristics must
be real. Three independent material configurations exhibited almost identical failure envelopes
in the interlaminar tensile vs. interlaminar shear stress plots. These failure envelopes consist
of three regions; a) an initial steep decrease in the interlaminar shear strength as the
interlaminar tensile stress increases from zero, b) a plateau region where the interlaminar shear
strength is insensitive to increases in interlaminar tensile stress and c) a steep decrease in the
interlaminar shear strength when the interlaminar tensile stress becomes dominant.

Of the three material configurations, the woven lay-up configuration exhibited the
strongest resistance to interlaminar shear when subjected simultaneously to interlaminar

tension. The cross-ply lay-up configuration exhibited the strongest resistance to interlaminar
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tension when subjected simultaneously to interlaminar shear. The behaviour of the quasi-
isotropic lay-up configuration was similar to that of the cross-ply lay-up configuration.

The most reliable and representative interlaminar shear strength data was obtained using
the losipescu specimen configuration with dovetail clamps and is recommended by the author
for use in subsequent research. This new technique enables testing of small specimen pieces
cut directly from real structural composite components. It also eliminates both the production
time for a thick test plate and the errors associated with imperfections and inconsistencies.

The Plain Curved Beam specimen configuration is not recommended as the in-plane
stress dominates the failure and consequently free edge effects are magnified. Since the
reliability of the experimental data is greatly dependent upon the quality of the manufacturing
processes, the Centrally Notched Beam and Notched Curved Beam specimen configurations
are not the most reliable test methods for obtaining the interlaminar strength of thick
composites under combined stress conditions. Also, the induced stresses due to the presence
of the notch are too complex to yield meaningful strength data.

Owing to their simple manufacturing process and good consistency of results, the
Notched and Oblique Rectangular Prism specimen configurations are recommended for
obtaining reliable interlaminar strength data. To obtain the interlaminar strength under
combined stress conditions, the Oblique Rectangular Prism specimen offers a wide variety in
interlaminar shear to interlaminar tension ratios.

The use of the sub-modelling technique, specific to the ABAQUS FEA package, was
proven to be effective and efficient for heterogeneous models (sub-model). This technique
enables the modelling of the actual geometry (global model ) as a homogeneous body using
bulk averaged anisotropic elastic properties with a local area of interest modelled exactly using

lamina elastic properties, i.e. the orientation of each lamina and the number of laminae in the
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through-thickness direction. Thus, this modelling method efficiently facilitates an accurate

analysis of an anisotropic heterogeneous body.

8.2 Further Work

As stated in Section 2.6, the greatest deficiencies in current composite strength analysis
are the lack of a simple yet representative lamination theory which realistically accounts for
interlaminar stress and the quality and quantity of experimental data. The current investigation
focussed mainly upon gathering high quality experimental data. It has also been demonstrated
experimentally that the strength behaviour of thick composites when subjected to interlaminar
stresses is highly non-linear. Further study of the interfacial bond strength between fibre and
matrix under a combination of interlaminar shear and interlaminar tensile stresses may explain
this phenomenon, in part or in whole, in terms of the microscopic failure mechanism. More
empirical data is also essential and requires the continuation of the development of definitive
test procedures for accurately quantifying the relevant material properties.

The quality and quantity of experimental data defining the interaction of in-plane and
interlaminar stresses remains inadequate. The strength behaviour of thick composites when
subjected to a combination of in-plane and interlaminar shear stresses has not yet been
identified. This requires further investigation and the associated continued development of
definitive test procedures for accurately quantifying the relevant material properties.

When a complete three dimensional failure envelope has been established, a
representative lamination theory, accounting for both in-plane and interlaminar stresses, may
be developed. If it is not found possible to define a general theory which explains, at a
macroscopic level, the failure characteristics of thick composite materials when subjected to

a combination of in-plane and interlaminar stresses, then significantly more work will be
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required in order to define the failure characteristics at a microscopic level.
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This half bridge arrangement uses two active arms R, and R,, with R, and R; as fixed
resistors shown below. It provides temperature compensation for the single active gauge
located in position 1 by using a dummy gauge in position 4 that is subjected to the same
temperature as the active gauge. This requires that identical gauges be mounted on the same

material and be subjected to the same temperature changes.

R1 R2

R4 R3

I |
1

The Strain-gauge Arrangement in a Wheatstone Bridge.

The output equation of the above circuit is

Vo Ge
V. 4+2Ge

(b.1)

where V,, V,, G, and ¢ are the output voltage, bridge supply voltage, gauge factor and measured
strain respectively. The bridge supply voltage was 5V and the gauge factors were 2.13 and 2.12

for the bidirectional and three-gauge rosettes respectively.
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———
———

Interlaminar Tensile Stress Interlaminar Shear Stress In-Plane Tensile Stress
13.2 22.9 39.6
22.2 22.2 22.2
30.6 8.2 2.2
31.8 . o 0

———

Table d.1 Cui’s Average Results [d.1] for the NRO Specimen Type Configurations (MPa).
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