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ABSTRACT

Acoustic Emission (AE) has been established during recent years as a convenient
method for determining the fracture characteristics of both transverse fibre-reinforced
composite materials (TFRC) and fibre bundles under tensile testing. Degradation of
these materials is by propagation of'a range of defects which ultimately control failure. AE
events were easily detected and distinguished from each other by either relative Peak
amplitude (AMP) or ringdown counts (RDC) using simple piezoelectric transducers as
detectors and advanced signal processing. Stress-strain data were also simultaneously

recorded and then correlated to AE data.

For the first part ofthis investigation an AE technique has been employed to deduce
information regarding the level of adhesion and the strength of the bond between glass or
Kevlar fibres and polyester resin matrix. Composites provide a strong, lightweight
material suitable for engineering applications. Since composite materials used for
engineering applications are manufactured by cross-ply methods, transverse failure is an
important damage mechanism in controlling the initiation of damage in a complete
composite. Different treatments such as post-curing of the composite material and
ultrasound treatment of the Kevlar fibres, with the specimen subjected to transverse
tension, showed different characteristics for the interfacial strength and the associated AE
events. The pattern of AE indicates the fact that resin toughness has increased due to post-
cure. The severity of these AE events was examined although this measure was not
conclusive in identifying differences in AE data due to different source mechanisms.
Weibull plots derived from the composite tensile test involving AE data, were also
employed. This particular application of the statistics does not bear a fundamental
relationship to the microscopic damage mechanisms and was applied in an empirical way.
The AE related Weibull parameters proved sensitive to material condition, due to cure,
post cure and resin-fibre adhesion modification. Pattern Recognition was also considered

with regard to quantification and identification of damage.

For the second part of this investigation, AE has been used in order to monitor the
strength of glass and carbon fibres bundles under tension. Generally, when testing

materials using AE, the relationship between the source excitation and the detected stress
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wave is complex. The mode of failure in this case was mainly one kind (fracture transverse

to the fibre axis). Bundles of different types have been strained to failure in order to
investigate the relationship between AE data and fibre strength. Where appropriate the
statistical distribution of mechanical failure was characterised using three different
statistical techniques. By using mainly the AE ringdown counts, these methods have been
able to predict the behaviour of such bundles under tension and therefore describe their
strength distribution. Two parameter Weibull distribution function , two parameter log-
normal function and quantile distribution function provided the means for characterising
the failure of'these bundles. AE has proved useful in monitoring the exact time and load of

fibre breaks, since the breaking of each individual fibre is accompanied by an associated

AE signal.

Generally the AE data were used to study aspects of material failure. The analysis
techniques based on AE, proved effective, bearing in mind the relative uncertainties during
manufacturing and testing processes. AE has proved an effective method of monitoring
composite failure and fibre fracture. The results allow transverse composite and fibre
bundle failure to be characterised using various statistical approaches. The simplicity of
the instrumentation establishes AE as a useful technique with broad application to

materials characterisation having a number of advantages over both conventional ultrasonic

and radiographic methods.
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SYMBOLS

E: Young’s Modulus

N: Number of Events

V: Voltage

s: Strain

a: Stress

RDC: Ringdown Counts

AMP: Amplitude

COD: Crack Opening Displacement
AE: Acoustic Emission

WS: Weibull Statistics

NDT: Non Destructive Testing
NDE: Non Destructive Evaluation
M.E.E: Mechanical Elastic Energy

T.F.R.C: Transverse Fibre Reinforced Composite
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CHAPTER 1

ACOUSTIC EMISSION AND COMPOSITE MATERIALS

1.1. Introduction

Since the 1940’s, when plastic resins and light strong fibres were developed,
composites and fibres began to offer real structural benefits. The market for these
materials has increased rapidly, since composites offer better performance characteristics in
many areas, replacing many traditional materials such as steel and aluminium. Since there
has been an increase in demand for lightweight, high strength/stiffness materials in
automotive, chemical and sports goods industries, then a thorough program for the testing

of these materials is necessary.

One of'the limitations of using composite materials is their lack of reliability due to
sensitivity to the presence of manufacturing defects. Common defects found are voids,
cracks, non uniform resin distribution, incorrect fibre orientation and the challenge of
controlling their microstructure and overall performance characteristics has increased.
Some current non-destructive (NDT) techniques for proof testing of composites and fibres
such as radiography, ultrasonics, thermography and eddy current testing are common but
acoustic emission has the advantage of being a real time technique for continuous

monitoring of material degradation.

AE is regarded as a passive technique, “passive” referring to the fact that there is no
need to inject an ultrasonic signal into the structure. The defects themselves are active,
radiating ultrasonic radiation derived from perhaps the stress energy applied to the material
under test. When localised damage or failure occurs within the material which is deformed
or subjected to some environmental changes during loading, the elastic energy decreases
resulting in elastic stress waves (AE) which travel through the material and which can be
detected by suitable, sensitive transducers. The AE events recorded have a signature which
might be characterised in terms of signal amplitude (AMP) and ringdown counts (RDC)

and which might be used to monitor different failure mechanisms.
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In this work, two primary types of composite as well as three different types of

fibre bundles have been tested under tension using the of AE technique: E-glass and
Kevlar-49 transverse fibre reinforced composite materials and El-glass, E2-glass and
carbon fibre bundles. Composites and fibres were tested, using various treatments since
one of the main advantages of using composites and fibres instead of metals, is that
designers can vary composite specifications such as fibre/matrix type, content and
orientation, to meet special applications such as thermal insulation, corrosion resistance

and improved strength.

The primary objective during this study has been to monitor the fracture behaviour
of composite materials and fibre bundles. However, one of the limitations of using
composites and fibres is the variability of mechanical properties and sensitivity to flaws.
Common flaws that are found in these materials are voids, cracks, non-uniform matrix
distributions, incorrect fibre orientation, delimitation, inclusion and fibre breakage. As the
number of composite materials available and their application in the market scene
increases, so does the challenge of controlling their performance characteristics by
detecting damage propagation, understanding the cause of damage, predicting failure load
to strain service life and identifying failure mechanisms and the sequence of failure. In
other words AE employed during tensile testing provides the possibility for the “quality

control of composites and fibres™.
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1.2. Literature Review

Historically, the concept of fibrous reinforcement is very old. There are references
to straw-reinforced clay bricks in ancient Egypt. The first fibre glass boat was made in
1942; reinforced plastics were also used in aircraft and electrical components at this time
while Kevlar fibres were developed in 1973. Starting in the late 1970s applications of
composites expanded widely in the aircraft, automotive, spoiling goods and biomedical
industries. Now emphasis is being placed on the development of ceramics/matrix
components for high temperature applications. Applications abound, including

underground pipes and containers, boats, ground vehicles, aircraft and aerospace structures.

Acoustic Emission and microseismic activity are naturally occurring phenomena.
The first AE used by an artisan may well have been in making pottery ( the oldest variety
of hardfired pottery dates back to 6500 BC ). In order to access the quality of their
products, potters traditionally relied on the audible cracking sounds of clay vessels cooling
in the kiln. These acoustic emissions were accurate indications that the ceramics were
defective and did indeed structurally fail. The progress of AE was slow until recent
decades. It is reasonable to assume that the first observation of AE in metals was when
man learn to smelt pure tin and it produced audible emission by mechanical twinning

during deformation, this occurring as early as 3700 BC.

If AE could be described by the use of a simple definition then this could be as
follows: “transient elastic stress waves generated by the rapid release of energy from
localised source within a materiar. The first scientific documentation on AE has been
reported by Jabin Ibn Hoyyan (known as Geber) [1]. However, the first comprehensive
investigation into AE phenomena was carried-out by Kaiser[2]. He observed that by
amplifying the signals from materials subjected to tensile testing, noise could be detected
from well below the yield point. His most significant contribution was the discovery ofthe
“Kaiser effect” named after him. Kaiser asserted that AE signals are not generating
significant amounts during the re-loading of a material unless the stress exceeds the
previous minimum value. Kim, Neto and Stephens [3], were among those who first
seriously challenged the Kaiser effect. In their work on carbon fibre/epoxy composite, they

found a nearly stabilised AE release process after several cycles. The most important point

3
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made by them was perhaps the emphasis of correlating different AE signatures with the

type of damage mechanism. Therefore, it was thought that the Kaiser effect applies to

most metals, but not generally to other materials.

Observations of AE were rapidly exploited during 19th century and throughout the
20th century mainly in the USA as a part of the space technology requirements. Since then
the AE technique has grown from good idea to a useful tool through pure research or
applied research and into practical technique in industry, mainly to monitor the
performance of a number of structures, including aircraft[4], aerospace structures[5],
pressure vessels[6], tanks[7] and rotating mechanical equipments such as turbines [§],

pumps [9] and bearings [10].

Since the 1970’s, extensive work has been done on the characterisation of
composite and fibre structures by the means of the AE. In the case of fibre reinforced
composite materials the need to detect the onset and location of the matrix cracking and
fibre debonding has led to the development of AE methods. In certain instances optical
microscopy ofthe polishing sections on the edges of the test specimen has been applied, in

order to prove the advantages and method of AE.

P.T Me Gowan [11] showed the importance of AE in detecting early damage and
thus estimate the remaining service life of glass fibre reinforced plastics. Simple models,
such as a hexagonal arrays of fibres in a matrix suggested that transverse resin cracking is
the mode of failure detected by conventional AE tests. However, the failure progression
has also been monitored by a microscopic viewpoint in order to relate the microscopic
analysis to the AE detector. The relationship between AE and composites has also
extensively studied by a number of people over the years. Kanji Ono[12] in 1995 reported
an experimental investigation on the mechanical and A.E behaviour of specially designed
carbon fibre epoxy composites. Fibre fracture, delamination splitting and friction of
delaminated faces contributed to characteristic behaviour. He tried to characterise these
failure mechanisms on the basis of peak amplitude and event duration of observed AE
signals. This approach referred to as “pattern recognition”, has been studied by a number
of scientists. Barre and Benzeggagh [13] reported a study of damage fracture mechanisms
in short-glass fibre reinforced thermoplastics. The use of AE and scanning electron

microscopy (SEM) enable them to identify several damage mechanisms. They also

4
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correlate the AE amplitude ranges to different damage mechanisms. Ono and Huang [14]

reviewed various approaches of pattern recognition of AE signals, together with Prosser
[15] where he studied the initiation of cracking in cross-ply graphite epoxy composites and
by the corresponding microscopic measurements he showed that the same source
mechanism can generate a wide range of AE signal amplitudes which can be categorised.
Hamstad [19], Harris [20], Lorenzo [21] all found that types of failure in these materials
such as ply delamination, matrix cracking, interface debonding, fibre breakage and fibre
pull-out produce A.E signals of different characteristics. Finally, Ely [16], Kawamoto [17]
and Laws [18] have also during the year contributed to studies on the subject of

characterising composite structures.

Together with this kind of more general research some workers have reported
exclusively studies on transverse fibre composites and factors influencing AE in composite
samples [22-23]. Hill and Okoroafor [24, 25] and Netravali [26] have published a number
of papers on the determination of fibre resin interface strength in fibre reinforced plastics
using AE techniques. These papers provide the main core of the background information
for this investigation, since AE has been employed by them in a new way to deduce
information regarding the level of adhesion between fibres and matrix resin. AE has been
shown to respond on the different conditions of the materials tested and has proved a useful

technique in casting new light on the quality (and reality) of surface adhesion.

For the investigation of fibre bundles Hill and Cowing have publish a number of
papers [27-30]. In their studies AE was used for the characterisation of fibre bundles of E-
glass and Kevlar-49. The Bundles subjected to various treatment have been strained to
failure in order to investigate the relationship between A.E and fibre strength. The
distribution of mechanical failure was characterised using Weibull statistics applied to the
AE signals, which was thoroughly examined with their corresponding Weibull parameters
extracted. Studies were made of the distribution of fibre break locations [31], [28], the
occurrences of the multiple fibre breaks locations, the occurrences of multiple fibre breaks

and the attenuation of'the AE signals.

Generally, all this research has been used as a guide and has provided a major
driving force and inspiration during this research. At first, this thesis considers further

progress in the investigation of glass/Kevlar fibre reinforced transverse composites. For

5
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the second part ofthe investigation fibre bundles will be examined during tensile testing in

order to characterise the failure process by means of AE.

In summary, Chapter 2, deals with experimental system used for the
building/manufacturing and testing of composites. Chapter 3 gives the different
characteristics of the composites after curing and post-curing treatments and addresses the
results for glass and Kevlar fibre composites. It also deals with the interfacial adhesion
characteristics between fibre and matrix. Chapter 4 considers statistical analysis ofthe A.E
data mainly by the means of Weibull Statistics. Chapter 5 considers experiments
monitoring the AE events during tensile testing of fibre bundles of glass and carbon.
Finally, Chapter 6 works on three different statistical approaches on the characterisation
and prediction of the AE data and chapter 7 provides an overall view of this research as

well as the possibility for applying AE to future work.
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1.3. Structural Applications of Composites and Cost Effectiveness

The types of composites and composite design technologies adopted by different
sectors of industry can be quite specific to the particular requirements and practice of that
particular sector. Since weight reduction is critical, composite elements are used widely
for automotive, aerospace, marine and architectural structures in addition to consumer

products such as skis, golf clubs and rackets.

Military aircraft designers were among the first to realise the potential of
composites with high specific strength, high specific stiffness, and low weight, having
smooth surfaces which reduce drag. As for the commercial aircraft industry, composite
applications have steadily increased as materials cost came down, as design and
manufacturing capability developed and experience increased. Boeing 757 and 767 were
among the first commercial airliners to make extensive use of composites, with 30% of the

external surface area ofthe Boeing 767 consisting of composites.

The cost per unit weight is an important factor for the spacecraft industry. This
makes composites extremely attractive for such applications. NASA have considered the
use of composite components for large space structures such as the proposed space station,
where the key properties of the materials are high stiffness-to-weight, low thermal
expansion coefficient and good vibration damping characteristics, which composites offer
over conventional metallic materials.  Structural weight is also very important in
automotive vehicles, offering possibilities for fibre reinforced materials. Composites also
offer the possibility, of using fewer parts with associated lower assembly and
manufacturing costs. As with airliners, the applications of composites in automotive
vehicles up to this point have been mainly in secondary structural elements and cosmetic
components and the full potential of composite construction remain to be explored and

developed.

The use of composites in structural applications is also growing since corrosion
resistance and electrical and thermal insulation are added advantages in comparison with
metals. One of the important advantages of composites is reduction in assembly and / or
life cycle costs. This is effected through weight savings, lower tool costs, reduced number

7
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of parts and fewer assembly operations. These observations indicate the need for further

development in the quality and application of composite materials.

1.4. Fibres and Fibre Bundles Characteristics

1.4.1 Glass Fibres Characteristics.

Glass fibres are the most convenient reinforcement for polymer matrix composites.
Low cost, high tensile and impact strengths and high chemical resistance, stiffness and
good electrical and weathering properties are some of the main advantages. However, low
modulus, abrasion, low fatigue resistance are some of the disadvantages compared to some
of the organic fibres. The strength and modulus of glass is determined primarily by the 3-
dimensional structure of the constituent oxides. Figure 1.1 shows a 2-dimensional
representation of the 3-dimensional network of linked polyhedron units in a simple sodium
silicate glass. Each polyhedron is a combination of oxygen atoms around a silicon atom
and they are bonded to each other by strong covalent bonds. In contrast to carbon and
Kevlar-49 fibres, the properties of glass fibres are isotropic so that, for example, Young’s
modulus along the fibre axis is the same as transverse to the axis. The strength is strongly
dependent on the processing conditions and testing environment. Since the most important
factor determining the ultimate strength of glass is the damage which fibres sustain when
they rub against each other during processing operations, the application of size coating at
a very early stage in manufacture helps to minimise damage. It is noticeable that in the
aerospace industry and military engineering the output of glass reinforced plastics exceeds

50% ofthe total range of polymeric composite material manufacture.
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TYPICAL REPRESENTATION OF THE STRUCTURE OF GLASS FIBRES

¢ Silicon atom

()
Oxygen atom

© Sodium ion

¢ Figure 1.1: A two dimensional representation of constituent oxides for glass fibres.
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1.4.2 Kevlar and Carbon Fibre Characteristics.

Aramid fibres, (such as Kevlar-49) is a generic term used to describe aromatic
polyamide fibres. The strong covalent bonds in the fibre axis direction provide high
longitudinal strength, whereas the weak hydrogen bonds in the transverse direction result
in low transverse strength. The more rigid and complex molecules impart high mechanical
and thermal properties to aramid fibres. These fibres, with high specific strength, have
great cohesiveness and they absorb much more energy than the brittle fibres, that is why
they are widely used in lightweight armour and other impact resistant structures. However,
they do have a highly anisotropic structure that leads to low longitudinal shear moduli, for
transverse properties and low axial compressive strength. Finally, the thermal stability of
Kevlar-49 is inferior to both glass and carbon, while probably adequate for use in most

polymer matrix systems.

High strength, high modulus carbon fibres are manufactured by treating organic
fibres with heat and tension, leading to highly ordered carbon structure. Carbon fibres are
far superior to E-glass fibres in terms of specific modulus with Kevlar-49 fibres
significantly better than the E-glass but inferior to carbon. Also another characteristic of
these fibres is that in the absence of air and other oxidising atmospheres carbon fibres
posses exceptionally good high temperature properties. Carbon and glass fibres are almost
completely brittle and fracture without any reduction in cross section area. In contrast
Kevlar-49 fibres fracture in ductile manner. Table 1.1 includes information on the basic

characteristics that these three types of fibres offer [32].
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¢ Table 1.1: Advantages and Disadvantages of Glass, Kevlar and Carbon Reinforcing

Fibres.
Fitretyse
E-glass High Strength/Low Cost Low Stiffness and
Fatigue life
Aramid (Kevlar) High Tensile Strength Low Compressive
Strength
Low Density High Moisture
Absorption / High Cost
Carbon High Strength Moderately High Cost

/ High Stiffness

1.5. Matrix - Fibre Interfacial Characteristics

The role of the matrix in a fibre reinforced composites is to transfer stresses
between the fibres, to provide a barrier against an adverse environment and to protect the
surface of the fibres from mechanical abrasion. The matrix plays a minor role in the tensile
load-carrying capacity of a composite structure. The processability and defects in a
composite material depend strongly on the physical characteristics, such as viscosity,

melting point for the plastic composite and curing temperature of the matrix.

The fibre-matrix interface performance has an effect on the mechanical and
physical properties of composite materials. Properties affected can include interlaminar
shear strength, delamination resistance, fatigue and corrosion resistance. In particular,
large differences between the elastic properties of the matrix and the fibres have to be
communicated through the interface. In other words, the stresses acting on the matrix are

transmitted to the fibres through the interface.
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A number of assumptions have to be made about the properties of the interface in

order to be able provide any model of mechanical behaviour. These assumptions would
include:

(a) the matrix and the fibre behave as elastic materials.

(b) the interface is infinitesimally thin.

(c) the bond between the fibre and matrix is perfect which implies that there is no
strain discontinuity across the interface.

(d) the material close to the fibre has the same strain properties as the material in
bulk form and

(e) the fibres are arranged in a regular or repeating array.

These assumptions are necessary to obtain solutions to the mathematical models
and the results obtained are an important guide as to what is likely to happen in real
composite systems. Theocaris, [33] has conducted a comprehensive study on the modeling
of the composite interface and its role in the prediction of the composite material

performance.

Evaluation of the magnitude of fibre adhesion can be achieved in a number of ways
including the use of single fibres embedded in a resin and subject to longitudinal
fragmentation or the “single fibre pullout” test. [34]. In the work reported here, the
experimental procedure follows that previously used by Okoroafor and Hill [24] where a
complete fibre bundle is used with the load applied transverse to the resin fibre interface.
By using a complete fibre bundle, the system more accurately reflects the situation in an
engineering composite. Transverse strength evaluated in this way is of interest, providing

a way of evaluating the “quality” ofthe resin/fibre interface.

Finally, in the case where the load is applied to a composite lamina at an angle of
90° with respect to fibres, it has to be mentioned that the fibres act as hard inclusions in the
matrix and enhance the local strain and stress magnitude in the matrix near the fibre-matrix
interface. The concept of interfacial adhesion, as defined by this type of transverse test,

will be extensively examined for both the E-glass and Kevlar-49 fibre-matrix interface.

12
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1.6. Polymer Matrices and Thermosetting Resins

In thermosetting polymers the liquid resin is converted into a hard solid by
chemical cross-linking, which leads to the formation of a tightly bound three-dimensional
molecular network. This is usually done while the composite is being formed. The
mechanical properties of the resin depend on the molecular units making up the network
and on the length and density of cross-links. The former is determined by the initial
chemicals used and the latter by control of cross-linking processes in the cure. Curing can
be achieved at room temperature, but is usual to use a cure schedule which involves
heating at one or more temperatures for predetermined times to achieve optimum cross-

linking and hence optimum properties.

Thermosetting resins are usually isotropic and one of their most useful properties is
in response to heat since, unlike thermoplastics, they do not melt on heating. They are
essentially brittle materials but generally epoxies are stiffer than unsaturated polyesters. In
fibre reinforced composite materials the fibres are incorporated into the liquid
thermosetting resin to which catalyst and hardener have been added. These cause the resin

to polymerise and after curing form a solid polymer reinforced with fibres.

13
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CHAPTER 2
AE CHARACTERISTICS AND TESTING PROCEDURES

2.1 Fundamentals of AE

Formally defined, AE is “the class of phenomena where transient elastic waves are
generated by the rapid release of energy from localised sources within a material, or the
transient elastic waves so generated” [35]. This is a definition embracing both the process
of wave generation and the wave itself. AE differs from most other non-destructive
methods in two significant aspects. First, the energy that is detected is released from
within the test object(in the case ofthis work, from debonding of the fiber/matrix interface,
from matrix cracking or from fiber fracture) rather being supplied by the non-destructive
method, as in the case of ultrasonics or radiography. Second, AE is capable of detecting
the dynamic fracture processes in real time, associated with the degradation of structural
integrity. Crack growth and plastic deformation (in the case of metals) are major sources
of AE. Latent discontinuities that enlarge under load and are active sources of AE by
virtue of their size, location or orientation are also the most likely to be significant in terms
of structural integrity. These discontinuities are found in large numbers, in systems such as
composites, due to different characteristic nature of each of the composites and to

manufacturing irregularities.

AE monitoring of fiber reinforced composite material has proven effective when
compared to other non-destructive testing methods. When the characteristic AE response
has been defined, AE tests can be used to evaluate the structural integrity of the
component. However, attenuation of the AE signals in cross-ply transverse fiber
reinforced materials presents unique problems. Effective AE monitoring of fiber
reinforced components requires much closer sensor spacing and a sensor location nearer
the emitted source than would be the case with a metal component. When a crack begins
to grow, AE is detected by the sensor/s which (for instance) in the case of transverse
composite tests reported here are placed directly on to the fiber/matrix area. The sensor’s
output is amplified and fed into the electronic processing unit. It is important to note here

that because ofthe Kaiser effect, AE signal may only occur once, so that AE inspections
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have a “now-or-never” quality. In this respect, AE is at a disadvantage when compared

with NDT techniques that can be applied again by different operators or instruments.

Generally, the field of AE is still growing vigorously and presents many challenges.
The mathematical theory of the AE source was developed during the 1970s and the
practical application of this theory is still in early stages. Sometimes it seems that the
technology lacks universal frameworks for the description of material emissivities and the
interpretation of structural test data. There is a constant need to improve instrumentation
and testing techniques as AE is pressed into service in tougher environments and more

demanding applications.
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2.2 Important AE Parameters

Several parameters can be used to characterise the AE source as is been shown in
figure 2.1, which schematically represents a resonant transducer AE signal. In the case of
fiber glass and Kevlar composite materials as well as the various fiber bundles, the AE is
emitted as a short duration transient signal. During emission, acoustic energy builds in the
tested system while the source is in operation. This period is defined as the rise time
“RT”. Once the transducer signal has reached its maximum the signal begins to decay,
mainly controlled by the stress pulse arrivals and the signal decay in the transducer until
the decaying signal fall below a pre-set value (threshold) “Vth’. This period is known as
the decay time “DT”. The total event duration (ED) is:

ED = RT + DT Q.1)

Research work reported in this thesis has involved measurements of AE signal
parameters in order to draw as much information as possible from the recorded AE signals.
The following three parameters have been mainly used throughout this investigation: (I)

ringdown counts, (ii) peak amplitude, (iii) event duration, (iv) number of events.

Duration ED

Rise time RT Decay time DT

Peak Ringdown Counts
Amplitude

threshold
Voltage Vth

¢ Figure 2.1: Acoustic Emission Parameters
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2.2.1 Ringdown Counts and Count Rate

This is a measure of the total number of times a signal crosses a pre-set threshold
level versus time. This number of threshold crossing per unit time is generally analogous
to the sensor frequency. The ringdown count per event also depends on the damping
characteristics of the sensor, damping characteristics of the structure and pre-set threshold
level. Ringdown counts are caused by the resonant characteristics of the detecting

transducer and the multiple reflections at the specimen boundaries.

A transducer signal can be assumed to have the form:

V = Vo exp (-Bt) sin ©t 2.2)

Where: V = Output voltage of sensor.
Vo = Initial signal amplitude.
B = Decay constant.

©= Angular frequency.

2.2.2 Peak Amplitude and Amplitude Distribution

Acoustic emission events can also be described by using the peak amplitude and its
statistical distribution. It has been suggested that for composite materials and fiber
bundles, matrix deformation, matrix cracking, fiber debonding and fracture can be
identified by their relatively different amplitude distribution. [36], [37]. The peak
amplitude of AE signal is calculated in respect to a reference pre-set voltage (Vth), which
in this investigation is 0.2 V for 40/60 dB preamplifiers. Although the change in threshold
voltage significantly changes the count number, it does not, however, greatly change the

amplitude - distribution values.
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2.2.3 Event Duration

As shown in figure 2.1 event duration (ED) can be defined as:

ED = RT + DT 2.1)

However, the use of this parameter was not used extensively in this investigation
since the parameter seems to provide little advantage over the use of ringdown counts per

AE event.

2.3 Ultrasound. AE and AE Transducers

Ultrasound is acoustic energy above the audio spectrum and in common with ail
acoustic energies, requires a physical medium to propagate. The nature of the ultrasonic
energy propagating, in the case of AE from composites, depends on; the type of fibers,
fiber orientation, type of matrix, fiber to resin ratio, resin cure conditions, material
conditioning, presence of discontinuities and overall quality. In this experimental work,
ultrasound, in the form of AE, is employed to listen to the noise by breaking fibers or

propagating cracks and defects. This noise is called Acoustic Emission.

Typically, ultrasound is detected and emitted using piezoelectric transducers. The
application of electric field causes the ultrasonic transducer to vibrate at a frequency
corresponding to the exciting frequency and transmit. When this transducer is matched
properly to the signal sources, and is linked by a suitable transmission medium to the test
material, it can both send out and receive ultrasonic energy. Through the display and study
of the modifications that such energy undergoes as it is transmitted, refracted or reflected
say by different test objects, it is possible to make interpretations about the size, location

and character of interior structures.

Any transducer will have a characteristic frequency called a resonant frequency.

Ifthe transducer is excited by a single pulse, as is the case in most commercial pulsed-
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ultrasound systems, the transducer will vibrate and radiate at this resonant frequency. This

resonant frequency is excited whether the excitation of the transducer is electrical

(transmitting mode) or mechanical (receiving mode).

Although the piezoelectric effect has been known for practically 90 years, it is
during the last 30 years that practical piezoelectric transducers have become common.
Piezoelectricity (discovered by Pierre and Jacques Curie in 1880) is a term meaning
pressure electricity. Ifa particular type of crystals are squeezed along specified directions,
an electric charge will be developed by the crystal. Typical example of a transducer is
shown in figure 2.2. When a transducer is excited by an electrical spike, (as an ultrasound
generator), impulses of opposite sign will be excited at each interface. Each time a stress
wave strikes a boundary, the amplitude and phase of the reflected and transmitted waves
will be governed by the relative acoustic impedance of the two materials making up the
boundary. Maximum energy transfer happens when the acoustic boundary impedances are

equal.

Acoustic Emission transducers are typically, of simple design, with single resonant
piezoelectric elements being used. Recently more advanced transducers have been
manufactured using a piezoelectric of piezoelectric ceramic rods embedded in polymer
matrix [38-41]. Such structure can resonate at a number of different frequencies depending
on the width of the rods and the width to thickness ratio of the rods. It is desirable for any
transducer to have high electromechanical coupling coefficient “Kt” which reflects the
ability to convert electrical energy into mechanical, low acoustic impedance. Dielectric
constant “es’ should be adjustable over a wide span and electrical and mechanical losses

should be kept as low as possible.

Significant advantages in performance characteristics of motion, force and pressure
transducers have made in the past decade using new piezoelectric materials. In
piezoelectric ceramic materials, the directions of the electrical and mechanical axes
depend upon the direction ofthe original ‘DC’ polarising field. During the poling process,
a ceramic element experiences a permanent increase in dimensions between poling

electrodes and a permanent decrease in dimensions parallel to the electrodes.
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When a ‘DC’ voltage of the same polarity as the poling voltage but of smaller

magnitude subsequently is applied between the poling electrodes, the element experiences
further but temporary expansion in the poling direction and expands parallel to the
electrodes. The thickness and transverse effects are not of equal magnitude; accordingly

there is a small volume change when voltage is applied to the electrodes.

The main considerations in AE sensor selection are the operating frequency,
sensitivity, environmental and physical characteristics. ~The physical, chemical and
piezoelectric characteristics of the piezoelectric material used can be adjusted to specific
applications. Piezoelectric materials are chemically inert, and immune to moisture and
other atmospheric interferences. Ceramic piezoelectrics have a number of advantages,
providing a combination of low cost, high sensitivity, ease of handling, selective frequency

responses and can be manufacture in a range of shape or size.

Piezoelectric
/ Ceramic
Case
Tungsten/
/Epoxy
backing
Test
material
BNC
Connector

¢ Figure 2.2: Typical Example of a Transducer design.
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2.4 Transducer Uncertainties and Attenuation

As a closing remark to this chapter it may be helpful to point out potential
difficulties which need to be considered when using AE transducers. [42-43]. AE
measurments may be carried out under a variety of different experimental conditions, in
some cases with the transducer receiving bulk like waves (testing on small structures) and

in other cases receiving Lamb waves, on structures such as pressure vessels.

Lamb waves, (also called plate waves), only occur where two parallel surfaces are
found as in plates. For a plate separated by thickness t, the remaining parallel surfaces are
assumed to be separated by a much larger distances, 1and w, that do not affect the wave

propagation. This is shown in figure 2.3.

¢ Figure 2.3: Plate for Lamb waves

For a certain incident angle of the P and S waves their reflections lead to a
constructive interference. After multiple reflections these rays build a waveform called a
Lamb wave as is been shown in figure 2.4. Lamb waves posses some characteristics that
make them particularly useful for some specialised applications in NDE. As guided waves,
or they will travel within flat mildly curved plates, giving a possible path of inspection to

an otherwise inaccessible area.

Ultrasonic inspection in most cases is conducted using bulk type waves or
quasibulk waves. A pure bulk wave may be excited with point source, as for example an

AE source, occurring in an unbounded medium. With this configuration, the propagation

21



MPhil Thesis (1997): Chapter 2. Dimitrios Kaloedes

characteristics are described by a 3-dimensional field as compared to the 1-dimensional
field of the plane waves. For the bulk situation, a pure longitudinal disturbance produces
deformation in the lateral directions as well. A schematic of a bulk wave is illustrated in
figure 2.5. [40]. The variations of wavetype are often significant when applying acoustic

emission testing to specific applications and structures.

The problem is also complicated by the constancy and method of coupling of the
transducer to the specimen surface and for a very rigid adherence, the transducer and
specimen can act effectively as a single unit and the radial modes of a disk transducer
could be excited. In general the actual situation will involve a combination of these two
cases although in the small size specimen used in laboratory tests, it is the direct (i.e. bulk)

wave which has usually the greater significance.

Finally, the transducer response depends on the type of couplant which is used.
The effect on the propagation of sound in the couplant, can theoretically be omitted as long
as the couplant exists as a thin layer compared to the wavelength of sound. However, in
practice, this is not always true and therefore, it is a potential source of variability and
uncertainty associated with piezoelectric transducers and AE measurement. In the case of
this work, this particular uncertainty can be dealt with by introducing a spring clamp to
clamp the transducer to each of the specimens under test in order to minimise the variation

(and thickness) of'the couplant thickness.
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¢ Figure 2.4: Generation of Lamb wave. Only in case (c) where a broad wavefront
is reflected at the angle ‘a’, do the rays interfere constructively with the build up

of a Lamb wave.

Hulk wave
Unbounded

media

Source

Ray

Wave
front

¢ Figure 2.5: Bulk wave excitation and propagation.
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2.5 Experimental Procedure.

2.5.1 Preparation of the Transverse Fibre Reinforced Composite

Material

Composite reinforcements used in this study include E-glass (Fiber Glass (UK) Ltd,
Equerove, Silane sized, ECB, 600 tex) of nominal diameter 10-12 Jam and Kevlar-49 (Du
Pont (UK) Ltd, Den 2160, tex 2400, 1000 filaments, finish free) of nominal-diameter 14.25
pm. The matrix material used was Crystic Polyester 272 resin, supplied by Scott Bader
(UK) Ltd which is a isophathic unsaturated polyester resin developed for high performance
applications since it offers high mechanical strength and excellent strength retention in wet

environments at medium temperature up to 50 °C.

The composite materials were prepared following the recommended procedure: 100
parts Crystic Polyester 272 resin, 2 parts of Catalyst M (methyl ethyl ketone peroxide), 0.4-
1.0 parts of cobalt Accelerator E in styrene. This resin was then poured into a dog bone
shaped mould of silicon rubber. In this study, two types of composite specimen were
investigated, using both glass and Kevlar fiber reinforcement. In the first category are the
specimens cured for 7 days at room temperature and in the second, specimens which had

been subjected to a further post-cure for 2-4 hours at 80 °C in an oven.
The fiber bundle composites used in the testing had a bundle of either fiber system

centrally located with respect to the mould but oriented transversely to the longitudinal axis

ofthe mould. All composite gauge dimensions were 40 mm X 5 mm x 2.5 mm.
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2.5.2 Tensile Test Conditions.

Mechanical tensile test were performed using a LLOYD-6000R test machine. The
specimen were loaded at a constant speed of 0.5 %/min. (0.2 mm min. [), at a room
temperature range of 20 £ 5 °C. The Acoustic Emission technique was employed during
the tests as a mean of monitoring and distinguishing between the fracture mechanisms
occurring during the deformation of the composite materials. AE can monitor active crack
growth continuously, using transducers that can be tailored to work in confined spaces,
hostile environments and so is well suited to industrial applications. AE is a sudden
release of strain energy in the material as short bursts of elastic wave energy. These
material displacements can be detected and converted into fluctuating voltage signals by
sensitive piezoelectric transducers. The technique has previously [27, 28] been employed to
monitor fiber failures and their mode (singlets, doublets, triplets, and so on) during tensile

testing of fiber bundles in air, yielding the stress-strain response.

In this study, a commercial acoustic emission transducer (AC375L, resonant
frequency 375 kHz, supplied by Acoustic Emission Technology Corporation) was utilised.
As the stress wave caused by the deformation event travels across the surface of a material
small movements of the surface occur. The role of the sensor is to convert these small
movements of the test sample surface into useful electrical signal. The sensor was clamped
in the middle of a dogbone shape specimen which was mounted in the bottom grip of the
tensile machine. Silicon grease was used as a couplant in order to transmit the sample

stress wave signals to the sensor.

The AE signal from the transducer, is in the form of decaying sine waves of given
initial amplitude, frequency and decay constant, and these signals were preamplified by
60dB (AECL 2100/PA, 208-530kHz bandpass) and than processed using the AECL 2100
M acoustic emission system. The processed data then passed via an integral analogue to
digital (A-D) DAS 50 board. This can accept data from up to 4 single-ended channels, can
operate in Unipolar or bipolar mode with software selected input ranges of +2.5V, £5V,
+10 Volts. It has a maximum sample rate of 1,000,000 samples/sec and was set to record
200 samples per AE event. This board operated within a 486DX33 computer under the

control of Viewdac software package which acquired data from the DAS board and could
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easily handle large data sets, offering both high speed and long duration data acquisition.

The software could analyse and graph data in real time with a feature of exploring the data
with interactive graphics and a full complement of time, frequency and statistical analysis
functions. The software was set up to provide information such as: number of AE events,

and duration, amplitude , ringdown counts and energy of each AE event.

The system setting used were: threshold 0.2 Volts and dead time 0.2 msec. The
former was chosen to minimise electronic background noise from the grips and from the
tensile machine, thus ensuring that received signals were from the damage sources
occurring in the composite been tested. For the ringdown counting (i.e. number of
oscillations greater than the preseted threshold level) and amplitude determination, an
analysis window of 200 psec was defined. If at the end of the signal it did not pass the
threshold for 0.2msec then it was taken to be the end of the event. Figure 2.6 shows a

schematic diagram ofthe experimental system and specimen types.
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AECL DAS 50
Systei AD con/er
Viewdac
Software
Piezoelectric . .
Transducer wave.bin Tue.bin
175 / 375 Kiz
Composite / Fibres
No of Events

Atplitude (Volts)
Ringdown Counts
Duration (sec)

Fibres
Matrix

Transverse bundle of fibres composite
(TBFC)

¢ Figure 2.6: Schematic diagram of the experimental system together and a typical
diagram of transverse fibre reinforced composite material.
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CHAPTER 3

TESTING E-GLASS AND KEVLAR-49 COMPOSITE MATERIALS

3.1 Aim of the Tensile Testing on Composites

This chapter addresses the importance of interfacial properties in glass and Kevlar
transverse fibre reinforced composites materials. Studies on curing and post-curing, for the
glass fibre composites and fibre surface treatment for the Kevlar fibre composites, aim to
modify the adhesion between the fibre bundle and the resin material. Such treatments can
easily alter the bulk material properties via the fibre surface or the interface resin structure,
and possibly by modification of surface defects and surface chemistry. This would
ultimately influence the properties of the finished composite materials. The changes will

then appear in the AE signature relative to the stress-strain response during tensile testing.

3.2  Curing and Post Curing Processes

Traditionally, thermoset polymers have been used as a matrix material for fibre-
reinforced composites. The curing reaction for polyester resins is initiated by adding small
quantities of catalyst to the liquid mix. With the application of heat the catalyst
decomposes rapidly into free radicals, which react with the styrene molecules and break
their C=C bonds. Styrene radicals in turn, join with the polymer molecules at their
saturation points and eventually form cross-links between them. As a result liquid resins
are converted into hard brittle solids by chemical cross-linking which leads to the
formation of a tightly bonded 3 dimensional network of polymer chains. Heating curing
used in order to achieve optimum cross-linking and mechanical properties, depends on the
molecular units making up the network and the length and density of the crosslinks. This
sudden and irreversible transformation from a viscous liquid to an elastic gel, which marks
the first appearance of the infinite network, is called the gel point. From the processing
standpoint, gelation is critical since the polymer does not flow and is no longer processable

beyond this point. Gelation occurs at well defined and calculable stage in the course ofthe
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chemical reaction, and is dependent on the functionality, reactivity and stoichiometry ofthe
reactants. Curing reactions can take place until absolute exhaustion of reactive groups and

only at temperatures above the glass transition temperature of a complete cured binder.

During the post-curing process, which is been carried-out in this investigation, it
was particularly clear that the post-curing improved the elastic modulus, toughness and
stress distribution of the matrix leading to the formation of a mechanically superior
interface. Post-cure increased the polymer strength. However, it should be noted, that
mechanical properties of thermosetting polymers can only be improved up to a limit with
increasing cure temperature and time values. Further increases in cure and post cure
temperature and time usually result in deterioration of mechanical properties. For example,
the yield strength and elastic modulus when plotted against temperature behaves as a bell-
shaped function: first it increases up to a limit and decreases at elevated post cure

temperature, associated with a reduction of'the fracture energy. [44].

The stresses due to curing arise from a combination of resin shrinkage during the
curing processes and differential thermal contraction after post curing at elevated
temperature. Much of the resin shrinkage occurs while it is still liquid so that stresses do
not develop. This shrinkage can lead to sink marks and other undesirable surface effects
on plastic products. Resin shrinkage in the later stages of cure leads to microstresses which
cannot be relieved. Microstresses are often sufficient to produce microcracking even in the

absence of external loads.
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3.3 Micromechanics of Transverse Reinforced Composites

A desired effect in composites is to maximise polymeric matrix-fibre adhesion
along the interface. Undesirable effects may occur due to incompleteness of phase contacts
and cracks. The interface is a geometric boundary between the fibres and the matrix, and
the final properties will be influenced by the physical and chemical processes taking place
during interactions of the fibre and matrix in the composite formulation stage. The
interface condition and its structure, including, the concentration of defects, is affected by
the physical, chemical and thermomechanical compatibility of the composite forming
components. The first two define the phase contact completeness, via the nature, number
and strength of the physical and chemical bonds, generated by the interaction of the
polymeric matrix with the fibre surface. The effects of structure formation, the change of
the matrix and fibre composition, and the properties in the boundary layers due to
interdiffusion, the catalyst effect and the binder curing process can all influence the nature

ofthe final interface.

Several authors have considered the influence of fibre spacing on the mechanical
characteristics and performance of a composite materials[45-47]. Results of these studies
indicate that decreased fibre spacing increases the magnitude of the local thermal stresses
and consequently leads to an increase in microcracking. They also have demonstrated that
the material properties of a thin interface region around the fibre has a significant effect on

local thermal stresses.

Shrinkage of resin between closely packed fibres will also produce tensile stresses
in the resin and across the fibre-matrix interface. Therefore, one of the primary reasons for
the non uniform distribution of stress in the composite materials is the stress magnification
and shrinkage which are obtained when the fibres are closely packed. As can be seen in
figure 3.1 the strain in slice YY’ which passes completely through the resin will be much
smaller than in resin in slice XX’ [48]. In other words there is a strain magnification in the
resin between the fibres. The different strains in different parts of the resin lead to

additional stresses and consequently non-uniform stress distribution.
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¢ Figure 3.1: Schematic representation of strain magnification in a unidirectional

lamina subjected to transverse load

Kies [48], made one of the earliest quantitative estimates of the non-uniform
distribution of strain in the matrix between the fibres, using the simple model illustrated in
figure 3.2. When a square array is subjected to a simple tensile strain ex, the strain

magnification in the resin along the line AB according to Kies is:

where s and r are defined in figure 3.2. From the above equation it is obvious that as the

distance between the fibres, s increases the strain magnification reduces.
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¢ Figure 3.2: Square array model used by Kies, to calculate strain magnification.

In the case of transverse fibre composites the crack is halted by the fibre, firstly
because the high stiffness of the fibre inhibits further opening displacement of the matrix
crack at the current level of load and secondly because the strength of the fibre is too high
for it to be broken by the current level of stress concentration at the tip of the matrix crack.
The matrix crack may bow around the fibre but it cannot move past the fibre until the
critical matrix Crack Opening Displacement is exceeded. For further cracking to occur,

therefore, some mechanism is required to permit an increased matrix COD.

Microscopic studies of the fractured specimen confirm that transverse cracks are
nucleated in regions of dense packing and also propagate preferentially through such
regions. Also apart from large cavities due to gross defects in the manufacturing operation
there are voids in the composite material. These voids lie along individual fibres which are
spherical or are elongated into ellipsoidal cavities parallel to the fibres. Voids arise from
two main causes: firstly, incomplete wetting-out of the fibres by the resin; this results in
entrapment of air and are more likely in systems where the dry fibres are closely spaced

and the viscosity of the resin is high. The second source of voids is due to the presence of
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volatile components produced during the curing cycle in resins. The void content
distribution depends on fibre volume fraction and distribution, resin properties and
processing conditions, such as temperature, pressure and time. The sequence of
photographs in figure 3.3 a, b, were obtained from a microscopic examination of the region
ofthe transverse bundle of fibres used in this work. They show resin containing fibres and
clearly illustrates the presence of crack propagation. The variable distribution of fibres
within the resin material and the variable packing between of the fibres, can be clearly

seen: factors which influence the process and mechanics of transverse cracking.
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¢ Figure 3.3 a, b: Microscopic examination of the E-glass transverse fibre polyester
a) Crack propagation, b) Resin fibre distribution and dense packing between the

fibres.
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3.4 Transverse Cracking in E-glass Fibre Reinforced Composites

Transverse matrix cracking is of great interest and importance. As has been
mentioned earlier these cracks cause stiffness degradation, which can be lifetime limiting
damage mechanisms in stiffness dependent aerospace and automotive applications.
However, it is well reported that there is no simple relationship for predicting the
transverse strength of composite materials [15], [20], [37], [49]. Unlike the longitudinal
tensile strength which is determined almost entirely by a single factor such as for example
the fibre strength, the transverse strength is governed by many factors including the
properties of the fibre and matrix, the interface bond strength, the presence and distribution
of voids, and the internal stress and strain distribution due to the interaction between fibres

and voids.

Virgin glass fibres are susceptible to water adsorption and to abrasive damage
during processing so that a protective size is required. It is also important that the surface
is fully welted by the resin and that some bonding occurs. The fibres are given a size
treatment which includes a silane coupling agent and a film forming resin. This ensures
protection from water degradation and damage during injection moulding process. It is
also possible to obtain some chemical bonding if there are reactive side groups of the

molecules of'the thermoset resin material.

35



MPhil Thesis (1997): Chapter 3 Dimitrios Kaioedes

3.4.1 Stress-Strain Data

There are two main approaches for the determination of the bond strength between
glass or Kevlar and the resin material. One involves tests with single fibres, and the other
unidirectional laminate and fibre bundles, such as in the present experiments. Although
both test require very precise alignment of the fibres, single fibre testing is inherently
difficult and unreliable because of the problems associated with specimen preparation. On
the other hand, complete fibre bundles in resin, offer simplicity, convenience and show

potential as a means ofroutine evaluation of adhesion in a variety of composite systems.

A number of samples were prepared using glass as the transverse reinforcing fibre
and then tensile testing was applied. Table 3.1 a includes the maximum stress, extension,
and number of acoustic emission events for both the E-glass reinforced composites in the
cured and post-cured conditions. Batches of samples were produced, labelled El and E2
and within the batches, some where tested as cured (C) and after post-curing (PC) as
described in sections 2.5 and 3.2. This data, describes the failure stress of the samples in
MPa. The tensile strain s (%), can be determined by measuring the relative displacement
of the two ends on a specimen with a displacement gauge. However, in the present
experiments, the measuring displacement is not the relative displacement of the two end
tabs but the displacement of the crosshead of the testing machine. The major contribution
to this relative displacement occurs within the narrow section of the dogbone sample.

Displacement of the crosshead is used to determine strain (extension %).

The role played by the resin-fibre interface is apparent from the composite stress-
strain response. Examination of failed composites revealed that fracture occurred within
the composite region containing the fibre bundle and nowhere else, clearly indicating that

fibre-matrix interfacial failure initiated the composite failure.
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3.4.2 AE System Monitoring of Transverse Cracking in Composite

Materials

Acoustic emission testing was carried out on composite materials using specimens
described in section 2.5. Since a single glass or Kevlar fibre bundle was encased in the
centre of the dog bone sample, and transverse to applied load, the monitoring of acoustic
emission provided intimate information on the fracture processes occurring within the
transverse bundle. Having established [24], that it possible with the means of AE to
monitor failure in the interface region during tensile deformation of TBFCs, the method is
now extended to compare the level of adhesion between variously treated matrix material

and different fibre systems.

The AE system and the testing of the samples were started simultaneously.
Acoustic emission data was obtained by post processing each AE event to obtain, in this
case the cumulative acoustic emission events counted, the amplitude per event and the
ringdown counts per event respectively. The amplitude and ringdown counts values were
evaluated from the AE events captured and are related to the relative acoustic energy
released by the fracture events. Table 3.1 a, also includes the number of acoustic emission
events which are highly variable since the nature of transverse glass fibre composite is

complicated.
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3.5. Experimental Results for Transverse Glass Fibre Reinforced

Composite Testing.

Transverse matrix cracking is of such interest and importance because it is often the
first mode of damage that occurs in engineering composites subject to tensile testing. The
cracks cause stiffness degradation, which can be lifetime limiting mechanism and they may
lead to initiation of delamination. However, interface debonding is the beginning of
material failure. It is an important event because a composite with debonded interfaces has

lost some integrity and its mechanical properties will be degraded significantly.

Any microcracking will also have a significantly effect on the life time performance
and durability of the composite structure. For both room temperature curing and post-
curing conditions, interfacial failure is controlled by interfacial debonding. However, the
degree of debonding in the hot-cured composite is reduced due to the existence of thermal
radial compressive stresses. From table 3.1 b it is obvious that the maximum stress
sustained by the post cured treated composites which is on average 41.5 MPa, is
significantly higher than for the room temperature 7-days cured materials which have an
average of 27.6 MPa. Also, as can be seen from table 3.1a, for some ofthe specimens the
strain is highly variable since it is controlled by crack propagation within the fibre bundle.
In the case of post-cured materials (table 3b), the average strain value is 3.5 % and it is
greater than in the case of cured materials which have a 3.2 % strain value on average.
This difference can be readily explained by the existence of a thermal compressive strain in
the fibre in the hot-cured specimen, due to cooling down from the curing temperature.
Extra strain has to be applied to recover the compressive strain before true tensile

deformation results.

Together with the data described in tables 3.1 a, b, typical test information for E-
glass cured and post-cured specimens embedded in polyester resin matrix are presented in
figures 3.4a, b, c and 3.5a, b, c respectively. Figures 3.4 and 3.5 show the stress-strain
response and superimposed AE data for the tested glass fibre reinforced composite

materials.
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In the case ofthe room temperature cured samples, as can be seen in figures 3.4, the
data is characterised by a stress-strain graph which curves over, and is characteristic for the
mechanical deformation of a polymer which dominates the deformation process. Each AE
appears as occasional “early” events with a second, later region of AE activity beginning as
the stress-strain curve begins to turn over occurring at a gross specimen strain rate of about
2.3%. It should be noted that this figure is after correction for the flat portion of the curve
associated with specimen slip in the grips. This often occurred due to the nature of the
polyester resin. It is significant that no AE events were detected in this region. It appears
that any slight friction noise associated with this process was not detected acoustically and
confirms the source of defected AE, which is from the transverse fibre region and
specifically from the fibre-matrix interface. Intense AE activity is followed by final
material failure. It is clear from these figures, that the amplitude and ringdown count
values rise during the test but with large fluctuations. This rise is associated with a rise in

the amount of acoustic energy released by the composite failure events.

Considering figures 3.5a, b and c, it can be seen that the stress-strain curve for the
post-cured specimen is straighter indicating that the resin phase is more brittle than in the
case of'the cured samples. As already mentioned, from table 3.1 a, b, the maximum stress
“a max” > post-cured samples can sustain is much higher than for the normally cured
specimen, indicating better adhesion properties between the fibres and resin, and better
resin performance. High temperature curing improves the modulus and strength of the
polyester resin. This is achieved since the density of the crosslink network is increased,
together with the reduced mobility of polymer molecules, thereby promoting adhesion and

better resistance to crack propagation.

It is noticeable that the gradient of the stress-extension curve is more linear together
with the change in magnitude (Amplitude and/or ringdown counts values) with the events
occurring earlier. In the case of post-cured sample, with a higher elastic modulus, the
composite is generally stronger and in order to cause the same displacement higher load
has to be applied. Consequently, the mechanical energy that has to be applied to the

system is higher. Since the energy is transformed into acoustic emission energy, the
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magnitude of the amplitude and/or ringdown counts values of the events would be

expected to be higher. The data described by figures 3.4 and 3.5 confirms this.

For both types of curing and at about the maximum stress position, saturation ofthe
ringdown count values occur for some of the tested samples. It is important to point out
that for the post-cured type of specimen, (figure 3.5), events start at a lower strain value
than for the cured specimen (figure 3.4). Also, the number of the events is higher and
consequently many more events reach higher amplitude and ringdown counts values.
However, in the case of post-cured specimens, the stress continues to rise, but AE activity
subsides somewhat, in some specimens, picking up immediately prior to failure. As a
general pattern the behaviour of these transverse samples can be characterised as “quiet-
then-noisy” for room cured specimens and “noisy-then-quiet” for post-cured specimens,

indicating better overall adhesion characteristics, sample modulus and resin toughness.

It is finally worth mentioning that AE occurs due to the impulsive propagation of
damage centres within the material. The ultrasonic velocity is highly anisotropic in
engineering composites as are the elastic properties. In attempting to model the ultrasonic
response of a test material to damage propagation, no attempt has been made to account for
these effects, since these are felt to modify the fine detail of any ultrasonic pulse
propagation within the material, rather than detracting from the general arguments. In any
event, most of the wave propagation path for the single bundle transverse composites
tested, no fibres are present and propagation will be relatively isotropic and in the resin
only. The ultrasonic pulse train associated with a single AE events carries information on

the source position and source energy.
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¢ TABLE 3.1a

Tensile properties and Acoustic Emission events for transverse glass-fibres reinforced

composites - cured ‘C’ and post-cured ‘PC’ respectively for batches 1 and 2.

Snecimert No StressMPa Max.ExteHSie».% ¢ Mb».afEvents-
El-Glass ‘C° 28.28 2.93 178
El-Glass ‘C° 25.56 291 55
E2-Glass ‘C’ 26.42 2.82 118
E2-Glass ‘C° 28.86 4.02 75
E2-Glass ‘C’ 28.88 3.34 121
El-Glass ‘PC’ 40.01 3.42 31
El-Glass ‘PC’ 41.44 1.90 89
El-Glass ‘PC’ 46.62 fu A
E2-Glass ‘PC’ 45.22 5.03 260
E2-Glass ‘PC’ 30.00 4.03 370
E2-Glass ‘PC’ 42.40 2.27 271
E2-Glass ‘PC’ 40.4, 4.27 97

¢ Table 3.1b: Average values for maximum stress(MPa), strain (%) and number of
events emitted during tensile testing, for cured (C) and post-cured (PC) transverse glass

fibre bundle composite materials.

im xm * Avieragfi.ffa
SawJsIm ™ (MPa)* Extension (%) of events.
E-glass’C’ 27.6 3.20 109
E-glass’PC’ 41.5 3.50 173
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3.6 Experimental Results for Transverse Kevlar-49 Fibre

Reinforced Composite Testing.

This section reports studies on the interfacial properties of Kevlar-49 transverse
fibre bundle reinforced composite materials. As for E-glass samples, acoustic emission
data was obtained by post processing each AE event to obtain, the cumulative AE events
counted, the amplitude per event and the ringdown counts per event respectively. For the
data reported in this section, Kevlar-49 was the reinforcing fibre bundle and AE was

monitored during specimen testing as described in section 2.5.

Specimens reinforced with Kevlar fibre bundles were of four types. The cured
composites with ‘as received’ fibres (KI-Kevlar’C’), the cured composites with
ultrasound treated fibres (K3-Kevlar’CU’), the post cured with as received fibres (K2-
Kevlar’PC’), and finally the post cured with the ultrasound treated fibres (K4-
Kevlar’PCU’). In the case of K3 and K4 type of materials, the fibre bundles were
immersed in an ultrasonic bath containing distilled water for 15 minutes. The ultrasound
induced cavitation would be expected to produce surface cleaning and erosion due to the
formation and collapse of cavitation bubbles. The surface disruption caused by the
ultrasound would be expected to cause a reduction in fibre strength, when compared to the
as received fibres due to the increasing number of surface defects and the severity of
existing defects as in reference [25], although, of course, fibre strength is not critical when

considering transverse tests.

Table 3.2 a, gives a clear indication of the values for maximum stress, strain, failure
strain and the number of AE events for the seven days cured (K1 and K3 types) and the 2
hours further post cured samples (K2 and K4 types). As in the case of the E-glass
transverse fibre composites, it can be seen that the specimens which were subjected to a
post cured treatment can sustain much higher levels of stress than the normally room cured
materials. As can be seen from table 3.2 b, together with figures 3.6a, b, and 3.7a, b, and
the average failure stress for the as received Kevlar-49 room cured composite materials
(Kl1-Kevlar’C’) is 16.5 MPa at an average extension of 3.98%. The average Stress for the
(K3-Kevlar’CU’) type is been reduced to 16.2 MPa and 3.27 % extension since ultrasonic

48



MPhil Thesis (1997): Chapter 3 Dimitrios Kaloedes

treatment on the fibres was applied. The post cured type of samples show an increase in
the failure stress, in comparison to the cured samples as can be seen from figures 3.8 a, b,
and 3.9 a, b, and tables 3.2 a and 3.2 b. The average maximum stress was 27.5 MPa for the
(K2-Kevlar’PC’), with a 0.99% extension, and 29.3 MPa with 1.02% extension for the
(K4-Kevlar’PCU”) type of samples. This proved that as in the case of E-glass composites,
high temperature treatment improves the elastic modulus and strength ofpolyester resin but
on the other hand the resin is very brittle. It also indicates that better adhesion exists

between the fibres and the resin for the post-cured composite materials.

The elastic modulus for the four different types of Kevlar-49 fibre bundle
reinforced composite materials were determined. In order to obtain the Young’s modulus
in this case the ratio of the normal tensile stress to the corresponding strain of YMOS5 at
0.5% and YMt at 1% was taken. These Young’s modulus values were determined as a
secant modulus to allow for curvature of'the stress/strain curve. The results (MPa) and for

“as received” and ultrasound treated, cured and post-cured test samples as are shown in

Table 3.3 a.

From figures 3.6, 3.7, 3.8 and 3.9 and table 3.3a, the increase of Young’s modulus
in the case of post-cured materials in comparison to the cured materials can been seen.
Also table 3.3b includes the corresponding average values for each of the type of the
treated composites. It is clear that the post-cured composites at 0.5 % have a modulus
value approximately three times higher in comparison to the cured materials. This
difference is also clear for the 1% modulus, where the post-cured samples have four times
the value of the cured samples. This increase in Young’s’ Modulus is reflected in the AE
ringdown counts and amplitude values where these values are higher towards the end ofthe
stress strain curve. This is due to the fact that the steeper gradient indicates that the
composite is tougher and in order to cause the same displacement higher load is required.
This means that the elastic energy is higher and since this energy is transformed into AE

energy the magnitude of amplitude and ringdown counts values are higher.

Interfacial properties are dominant factor in the fracture toughness properties of
composite materials, also affecting their response to aqueous and corrosive environments.

Composite materials with weak interfaces have relatively low strength and stiffness but
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high resistance to fracture whereas materials with strong interfaces have high strength and
stiffness but show a poor resistance to fracture. Part of the bond strength is attributed to
mechanical effects and part to effects associated with chemical bonding. For example the
polyvinyl acetate coating will be soluble in the polyester resin and the bond strength is

similar to that obtained with the water affected surface.

For the transverse oriented Kevlar-49 fibre reinforced composites materials tested,
assuming that the normal applied load acts equally on the fibre and the matrix (although
this is unrealistic) [50], stress and/or strain range over which the interfacial failure AE
events occurred can be regarded as an indirect indicator of the range of the fibre-matrix
interface strength. This failure is also affected by strain magnification, as well as non-
uniform loading of the interface, due to such effects as variable transverse fibre density,
some degree of misalignment of the fibres, edge effects and voids. The paper by
Okoroafor and Hill [24] suggested a close relationship between the level of adhesion, the

occurrence ofthe first few events and the externally applied macrostress (MPa).

For composite materials, the stress and strain for the first detected AE events can be
used as a measure of the interfacial strength between Kevlar-49 and Crystic 272 polyester
resin. By varying the heat treatment of the composites (cured for seven days at room
temperature and/or further post-cure for 3 hours at 80 °C), and the fibre surface condition
by subjecting the fibre surface to insonification in a water filled ultrasonic bath for 15’

minutes, variation in the mechanical behaviour of the interface was achieved.

The AE system and the loading of the specimen were started simultaneously.
Having established that it is possible for AE to monitor interfacial failure during tensile
deformation of the transverse bundle fibre composites (TBFCs), the method has been
applied to compare the level of interfacial adhesion between differently treated matrix
material and fibre systems. The typical information and AE data from the transverse
oriented Kevlar bundle composites is presented in figures 3.6, 3.7, 3.8, 3.9 and in the table

3.2 arespectively.

It can be seen from table 3.2b column three, that the interface failure strength of
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Kl1-Kevlar’C’/polyester is approximately 1.8 times ofthat of K3-Kevlar’CU7polyester. A
similar pattern is also seen for the two types of post-cured specimen™ K2 and K4. It
appears that the ultrasound treatment has affected not only the fibre properties [48], but
also the interfacial characteristics of the transverse bundle composites.  Similar
comparisons can be made in any combination between any of the four types of composites
since the AE and Stress-Strain characteristics are distinctly different in each case. Figures
3.6 and 3.7 for the room cured samples, and 3.8 and 3.9 for the post-cured samples can be
compared, using AE events, and strain response. The recorded AE events would be
expected to be mostly associated with interfacial failure. It is obvious that the two types of
ultrasound treated fibre composites failed at lower strain values than the as received fibre
composites. This is very clear, especially in the case of K1 and K3 types of materials as
can be seen from the original specimen values (table 3.2 a) and the average values (table
3.2 b). This suggests that the as received fibre composite interface is much stronger than
the treated fibre composite interface. The average interfacial failure stress (IFFS) for the as
received cured composites (K1-Kev’C’) is 7.70 MPa. The IFFS for the ultrasound treated
fibres in room cure conditions (K3-Kev’CU’) is clearly lower with an average value of 4.3
MPa indicating the reduction in adhesion performance between fibres and resin. Similarly,
for the “as received” post-cured materials (K2-Kev’PCY the average IFFS is 8.0 MPa,
which is significantly higher than the corresponding value for the ultrasound treated fibres
in post-cure conditions (K4-Kev’PCU’), which is 2.9 MPa. It is apparent, that the

ultrasound treatment modifies the nature of the interfacial bonding.

Finally, and especially in the cases of the post-cured composite materials, the
Amplitude and/or Ringdown Count values rise during the test with large fluctuations. This
rise is associated with a rise in the amount the A.E energy released by the composite failure
events. It is important to notice that, in contrast to the E-glass fibre reinforced composite
materials, the AE recorded in the case of Kevlar reinforced cured samples starts at

relatively low strain levels and is produced throughout the test.

This study of variously treated Kevlar fibres using cured and post-cured resin
materials indicated some interesting results. It is known that the adhesion between Kevlar
fibres and polyester resin is not as strong as in the case of E-glass fibre/polyester composite

[24], [30].. This could be in the main, a physical effect due to the resin shrinkage of the
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fibres and the fact that the extension characteristics of the fibres are far superior to the
resin. However, information from Scott Bader Ltd indicates Crystic resin 272 is one of the
best polyester resin materials that can be found on the market in order to form Kevlar-49
fibre reinforced composite materials. It is important to notice, that during these
experiments, each A.E signal will propagate in a similar acoustic mode, or mixture of
modes, and be similarly attenuated in transit to the measuring sensor. Also it is to be
expected that the electrical energy ofthe AE transducer, will be directly proportional to the
elastic energy released in fracture of the composite materials. As a conclusion it has to be
noted that the testing of Kevlar-49 composite materials provided a very clear picture of the
characteristics and capabilities of acoustic emission for evaluating changes in adhesion

between resin and fibre systems.
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¢ Table 3.2 a

Macroscopic measurements of the maximum stress and corresponding strain,
maximum strain, interfacial failure stress and corresponding strain deduced from the
macroscopic sample stress giving initial A.E events, and total number of events emitted for

four different types of Kevlar Fibre Reinforced Composites.

Specimen  Max triMPal Max Strain I1
Mmka M ujtm m IEEEM1
Kl-Kevlar’C’ 10.92/4.00 4.00 7.34/1.425 62
Kl-Kevlar’C’ 16.34/4.52. 4.59 7.52/0.95 338
Kl-Kevlar’C’ 25.24/2.03 2.76 8.91/0.71 723
Kl-Kevlar’C’ 13.35/5.40 5.40 7.09/1.10 522
K2-Kev’PC’ 23.30/0.93 0.94 11.94/0.67 81
K2-Kev’PC’° 24.34/0.90 0.91 2.88/0.28 87
K2-Kev’PC’ 34.78/1.13 1.14 10.11/0.61 164
K3-Kev’CU’ 19.66/2.71 3.07 4.66/0.58 169
K3-Kev’CU’ 10.78/3.89 4.12 3.56/0.72 222
K3-Kev’CU’ 18.13/3.22 3.22 4.73/0.92 332
K4Kev’PCU’ 24.23/0.93 0.94 1.35/0.12 59
K4Kev’PCU’ 34.73/1.13 213
K4Kev’PCU>  28.93/1.01 99
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¢ Table3.2 b

Average values for the maximum stress (MPa), corresponding strain (s), interfacial failure
stress and corresponding failure strain for all the four type of transverse Kevlar-49 fibre
bundle composite materials. ‘C’ signifies room temperature curing, ‘PC' post-curing, and
‘U’ ultrasound treatment of the fibre bundle in distilled water for 15 minutes prior to

composite manufacture.

Sample Type Maxa/ & OTPS (MPa) IFFF {%)

Kl-Kev’C’ 16.46 / 3.98 7.70 1.04
K2-Kev’PC’ 27.4770.99 8.00 0.52
K3-Kev’CU’ 16.19/3.27 4.30 0.74

K4-Kev’PCU’  29.30 /1.02 2.90 0.28
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¢ Table 3.3 a

Measurements of the Young’s Modulus in MPa.

Dimitrios Kaloedes

For K1 and K3 types Y.MO5

corresponds to 0.5 % secant modulus strain region and Y.Mj to the 1 % secant modulus.

As for the K2 and K4 types YM] and YM2 correspond to the 0.5% and 1% strains

respectively.

mmiIN

Kl-Kevlar’C’
Kl-Kevlar’C’
Kl-Kevlar’C’
Kl-Kevlar’C’

K2-Kevlar’PC’
K2-Kevlar’PC’
K2-Kevlar’PC’

K3-Kevlar’CU’
K3-Kevlar’Cu’
K3-Kevlar’CU’

K4-Kevlar’PCU’
K4-Kevlar’PCU’
K4-Kevlar’PCU’

3.54
10.00
18.00
5.15

24.70
29.09
28.57

12.80
4.59
10.66

26.34
27.20
32.60

1.58
6.00
10.80
1.95

45.10
42.10
52.00

8.60
2.03
2.07

50.00
44.00
47.00
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¢ Table3.3 b

Average values calculated for the elastic modulus and each of the four types of composite

materials, as cured, post-cured and ultrasound treated fibre bundles.

Kl1-Kev’C* 9.17 5.08
K2-Kev’PC’ 27.45 46.40
K3-Kev’CU’ 9.35 4.23

K4-Kev’PCU’ 28.71 47.00
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3.7 Conclusions

Mechanical tests of transverse oriented fibre composites in conjunction with
suitable AE instrumentation has provided a clear idea of the level of resin-fibre adhesion
and strength of the interface. In the case of E-glass composite materials it was clear that
the post-cured samples can sustain higher stress (41.5 MPa), in comparison to the cured
samples (27.6 MPa). This indicated a better resistance to crack propagation and better
adhesion characteristics for the post-cured samples. Also when considering AE events
superimposed to stress-strain data, the events for the post-cured samples emitted in much
earlier strain levels and show a ‘noisy-then-quief pattern, while the cured samples show a

‘quiet-then-noisy’ behaviour.

The next step of this study was the characterisation of the interfacial properties
between a Kevlar-49 fibre bundle and the resin matrix. Experimental data showed that the
average failure stress was higher for the as received fibre post-cured composite (27.5 MPa)
in comparison to the room temperature cured samples (16.5 MPa). Post-curing seem to
improve the strength and adhesion performance of the composites but they proved to be

brittle.

With the use of'the interfacial failure stress (IFFS) which combines stress-strain and
AE data, it was possible to characterise the different interfacial performances between
cured, post-cured and ultrasound treated samples. The average (IFFS) for the as received
cured samples was 7.70 MPa, while for the ultrasound treated cured samples IFFS was
reduced to 4.3 MPa. Similarly, for the as received post-cured samples IFFS was 8.0 MPa
in comparison to 2.9 MPa for the ultrasound treated samples. It is thus become apparent
that with the use of AE it is possible to examine the effect of the ultrasound treatment to

the nature of'the interfacial bonding

The work in this chapter shows that information relating to composite interfacial
properties can be deduced using a simple multifibre transverse bundle composite rather

than other methods such as a single fibre composite testing. Mechanical tests in
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conjunction with suitably adjusted AE instrumentation has provided a clear indication of
the characterisation of differently treated composite systems and especially their
corresponding level of adhesion and the strength of the interface. When either, the
composite treatment or the fibre system is modified, the AE characteristics of the modified
system reflect this change and provide a method oftracking this change. The detail of the
change is reflected in stress-strain responses but most importantly in the AE data profile

with strain which may be used in addition to the Weibull statistical parameters, as will be

demonstrated later.
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CHAPTER 4

STATISTICAL TECHNIQUES USED FOR AE
CHARACTERISATION OF TRANSVERSE GLASS FIBRE
REINFORCED COMPOSITE MATERIALS

4.1 Aim of the Statistical Analysis.

All material properties are subject to statistical fluctuation. In the case of material
strength, any set of samples tested will show fluctuations in their failure strength. In a
similar way, the distribution of acoustic emission ringdown counts can be described by the
applications of Weibull statistics. Weibull statistics have the advantage of a wide
variability of shape, determined by parameters within the equations of the statistical

distribution.

Weibull statistics has previously been applied to the fracture of composite fibre
bundles [27], [29] and in this case the mathematics is extended to apply to situations where
the Weibull statistics and ideas of the weakest link may not strictly apply. Also, by
integrating stress-strain and AE data, it is possible to analyse a number of composite
systems and obtain their distinctive differences and the severity of each of the AE events

emitted during testing.
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4.2  Weibull Theory.

Weibull statistics are based on a weakest-link hypothesis, which means that the
weakest component determined, for example by the most serious flaw will lead to fracture
and thereby control the strength ofthe material, [S1]. The weakest flaw is the one which is
subjected to the higher stress intensity factor. This means that both size ofthe crack and its
orientation and shape, relative to the applied stress, will contribute to its severity.

The basic Weibull distribution is given by:

4.1)

Where P is the fracture probability for stress “a”, “m” is the Weibull modulus or

shape parameter and “CI0’ is the scaling parameter, sometimes referred to as the

“characteristic strength” and corresponds to a fracture probability of 0.63.

Traditionally, in order to obtain reliable fracture statistics from equation (4.1), c0
and m have been determined from a set of measurements of the fracture stress. The
evaluation of Weibull parameters is definitely not a trivial task. Four different methods
could be used for their evaluation: linear least squares analysis ( which is been used in this
investigation ), the weight function method applied to the linear least square analysis, the

direct least square method, and the method of moments.

In the past, these methods have been extensively used for the characterisation of
fibre bundles [52]. In a bundles of No fibres tested for fracture strength the quantity
“P{a)” may be estimated by noting the number of fibres “Nf” that have been fractured at

stress a or less. The probability of fracture of the Nth fibre break may be expressed as:
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So equation ( 4.1 ) becomes:

Af /NO+D)=1-(a/ (4.3)

I[fNOis large then NO+1 ~NO.

When a load “F” is applied to a bundles, some fibres may break and the resulting

stresses in the fibres is given by:

- F ' 4 N 544 >

NS is the number of fibres surviving at the applied stress a and A is the cross

sectional area ofa single fibre.

By using equation (4.3) and (4.4) and Nf= NO- Nsyields:

F = a *N 04 *exp el 4.5)

Since ’a = E e’ (4.6) then by using (4.3), (4.5) and (4.6) and at an applied strain “e”

the number of surviving fibres in a bundles which consists ofNO fibres is:

N s = Na @Y ] (4.7)

Equation (4.7) is the basic equation applicable to the Weibull Statistics of fibre

bundle fracture.
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4.2.1 Regression Analysis Applied to Weibull Statistics

The purpose of this analysis is to rearrange the Weibull equation (4.7) into a form
providing a linear relationship, in order to deduce the shape parameter “m” and scale

parameter “s0” from the slope ofthe appropriate graphical display.

From equation (4.7): N - N 0 c*exp* (e/e0)*]

V=TV ['m = NO exp- —
exp- [(* /%) N

In N f——*---) = Inelnl —— = [n-] = 1
N vVSsO0J \'N )
N
In<In -me[/«(M)-/«(N) ]y = + const =
cows™ = - m In(e0)

So by plotting In In (NON) vs In (s), m is determined from the slope of the graph

and from the Y-axis intercept ,-m In (s0) = Pi, sOis determined, as can be seen from figures
4.1 and 4.2.
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4.3  Weibull Statistics Applied to AE Data from Transverse Failure of

Glass Fibre Reinforced Composites

Statistical techniques and distributions are often resorted to when dealing with
materials that exhibit wide scatter in test data. One such technique is the two parameter
Weibull cumulative distribution function. Based upon theoretical and empirical
justifications, it has become a popular statistical model in engineering applications. In the
past the fibre strength distribution has usually been described using a two parameter
Weibull distribution function [27, 29, 53, 54]. By means of AE it is possible to monitor
the failure of these fibre bundles, fibre by fibre if the measurement system is calibrated to
do this (equation 4.7). Techniques using AE have been shown to be highly versatile and

can be formulated to account for a range of statistical processes.

In the present experiments the micromechanics of failure can be described using a
two parameter Weibull distribution function. The propagation of transverse cracks in the
transverse fibre composites is complex and may not conform to the weak link ideas
implicit in the use of Weibull Statistics. However, Weibull statistics will be applied to
composite fracture problems such as transverse failure in an empirical way since it is
accepted that transient elastic waves are generated by the release of stress or strain energy
from localised source within the material. Information extracted using mechanical testing,
combined with measurement of acoustic emission events, may give accurate information

on the condition ofthe material.

The Weibull equations can be used to characterise the statistical failure of
mechanical systems. In this case the equations have been formulated in terms of AE events
with specific ringdown count and amplitude values. Suppose that AE events emitted
during testing have a number of different ringdown count (RDCb RDCn) and amplitude
(AMPL, AMPn) values, then the number of events ‘N’ which correspond to a specific
ringdown count (RDC), or amplitude (AMP) value can be expressed by the equations

(where these equations have the usual mathematical form ofa Weibull equation) :
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N N , = RD (4.8)

N - N 0-cexp AMP,AMPI (4.9)

where m and AMPOor RDCO0; are the Weibull shape parameter and scale parameter
respectively. NOis the total number of AE events for each of the specimens tested. Shape
parameter m is important for determining the breadth of the distribution of RDC or AMP.
A large value for 4m’ signifies a narrow distribution and a structure with uniform
distribution of similar defects. It is obtained from the slopes of the logarithmic Weibull
plots produced in the form Ln In (NON) versus In (RDC) or In In (NON) versus In
(AMP) derived from the acoustic emission data. The intersection between the straight line
from the graph and the Y axis is represented by : pj=-m In (RDC0) and/or p2=-m In
(AMP(). The last step is to derive the values for the scale parameters RDC0 and AMPO.
These values seem to be in close agreement with the most frequent occurring ringdown

count and amplitude value relative to the number of events.

The linearity of such Weibull plots over the entire strain range indicate that a
Weibull treatment is applicable. The present work represents an attempt to find a better
means of obtaining the statistical parameters used to describe the nature of the fracture and
damage growth process of a composite system. A significant requirement for convenience

is that the tests should be carried out using a constant crosshead speed.

From equations 4.8 and 4.9, the values for the shape parameter 4n’, for the 7-days
cured and 2 hours further post cured specimen for two different batches of glass fibre
reinforced specimens can be calculated. The Weibull parameters are obtained using
composite fracture data below maximum stress, after which saturation of the acoustic
emission data can occur which would have distorted Weibull parameters obtained. Figures
4.1 a, b and 4.2 a, b show the logarithmic Weibull plots in the form of In In(NON) versus
In (RDC), and In (AMP) respectively, derived from the acoustic emission data.
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Weibull test data are given in tables 4.1 a, 4.2 b for each of the samples. Again
batches of samples were produced, labelled El and E2 and within these batches, some were
tested as cured (C) and after post-curing (PC). In the table the shape parameter ‘m’ is
listed for cured materials and for post-cured materials. The values of m has been derived
from the amplitude and the ringdown count AE data. The percentage of the linear
regression signifies the accuracy of the data fall inside the regression curve and gives
information on the scatter ofthe data. By examining table 4.1 a, it could be argued that the
regression percentages where satisfactory. The calculation of the corresponding scale

parameters AMPOand RDCOis also included.

Table 4.1 b shows the average values for the Weibull parameters and gives a clear
indication of the nature ofthe results. From table 4.1 b, note that ‘m-RDC’ is greater than
‘m-AMP’ derived from both the equations 4.8 and 4.9, which correspond to amplitude and
ringdown data. The difference between these two values is not great but in each case,
indicative of a different parametric measure. The average value for the cured materials
‘mC-AMP’ is 0.56 in comparison to the value for the post-cured materials ‘mPC-AMP’
which is 0.75. The same pattern appeal's from the corresponding ringdown counts
calculations where ‘mC-RDC”’ is 1.28 in comparison to ‘mPC-RDC’ which is 1.68., The
calculation of the scale factors RDCo and AMPo was carried-out simultaneously. From
table 4.2, it can be noticed that again the corresponding values for the post-cured samples
are higher on average in comparison to the vales describing the cured condition. In
general, it could be said that the calculated values for AMPOand RDCO, signify the position
of the amplitude and ringdown count distributions. Figures 4.1a, b and 4.2a, b,
demonstrate some typical examples with logarithmic plots for cured and post-cured

samples.

The difference in the shape parameter values ‘m’, between the post and the post-
cured specimen signifies the different nature of the ringdown count and amplitude
distributions, together with the nature of the tested materials. The greater the value of ‘m’
the narrower scatter of the data and the statistical distribution and the more uniform the
defects inside the transverse glass fibre reinforced composite materials. Post-curing might
be expected to achieve a better overall structure and improvement on the overall properties
of the composite material, with a more uniform distribution of similar defects which cause

the narrowing of the statistical distribution. The average values for *m\ derived from the
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AE data and shown in table 4.1 b, suggests this. The higher value for RDC0and AMPO(, in
the case of the post-cure and consequently more brittle materials signifies the fact that the

acoustic energy in a microcrack might be expected to rise, as this measure suggests.

The last step is to evaluate the precision of these calculations. By obtaining the
values for ‘in’ and RDC0O, AMP(, the events distribution is obtained using equations 4.8
and 4.9 and can be predicted. Comparison are shown between theoretically fitted values
and the real number of emitted events. Keeping in mind the fact that Weibull statistics are
applied to a transverse fibre bundle composite material with relatively complex structure
and fracture behaviour, the results show a good correlation especially in the case of
ringdown counts as can been seen from figures 4.3a, b and 4.4a, b for cured and post-cured

samples correspondingly.

The failure of transverse glass fibre reinforced composites can be described using
Weibull statistics and the associate parameters. There are a number of graphical methods
which are preferred for accurate work and especially when characterising fibre bundle
tensile strength [29, 52]. The application of one of these methods for the characterisation
of the transverse fibre bundle composite materials has been demonstrated in order to
distinguish the differences between the cured and post-cured specimen. For further
improvement to these results, these graphs could be divided into low strain and high strain
regions. The same methods could then been applied in order to obtain the Weibull
parameters. However, due to the inherent instability of using In In plots for determining

parameters, particular methods should be used with care.
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¢ Table 4,1a

Weibull strength distribution parameters for transverse E-glass fibre reinforced composites-
obtained from Amplitude versus Number of events and Ringdown counts versus Number
of events for batches 1 and 2 together with the percentage of regression for each of the

specimen. ‘C’ signifies room temperature cure samples and ‘PC’ post-cured samples.

: mtAMP 8 JttrRPC % AMPQ
No Rerssjigp (Regresisio™

EI-GC 0.627 85.2 1.41 85.8 0.581 23.47
ElI-GC 0.528 09.1 0.484 47.0 0.524 6.84
EI-GPC 0.276 64.6 1.64 82.5 0.100 28.96
ElI-GPC 0.727 76.7 1.81 99.2 0.730 26.09
ElI-GPC 0.739 67.3 1.61 91.7 0.773 23.46
E2-GC 0.566 64.0 1.46 89.9 0.495 22.10
E2-GC 0.531 61.3 0.985 78.7 0.408 16.10

E2-GC 0.398 48.0 — — 0.215 —
E2-GPC 0.699 71.8 1.71 98.9 0.612 23.66
E2-GPC 0.774 84.8 1.28 94.6 0.710 17.45
E2-GPC 0.813 74.6 1.71 95 0.773 23.94
E2-GPC 0.723 56.1 1.96 98.5 0.667 27.14
¢ Table 4.1b

Average values derived from the Weibull statistical data in table 4.1 a for cured and post-
cured samples. ‘m-AMP' and ‘m-RG’ derived from the AE amplitude and ringdown count

data correspondingly.

Type of m-AMP %Reg m-RDC AMP* RDC*
Sample,

E-GC 0.56 70 1.28 84.8 0.50 20.55
E-GPC 0.75 72 1.68 96.3 0.71 24.54
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¢ Figure 4.1 a. b: Logarithmic Weibull plots in the form of ‘In In (No/N) vs In (RDC) or

In (AMP)’, derived from tensile testing of Cured E-glass composite specimen.
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¢ Figure 4.2 a, b: Logarithmic Weibull plots in the form ofin In (No/N) vs In (RDC) or

In (AMP)’, derived from tensile testing of Post-Cured E-glass composite materials.
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¢ Figure 4.3 a: Comparison ofthe real data versus the predicted data, calculated using

Weibull equations 4.8 and 4.9, for E-glass Cured composite material.
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¢ Figure 4.3 b: Comparison ofthe real data versus the predicted data calculated using

Weibull equations 4.8 and 4.9 for E-glass Cured composite material.

19



MPhil Thesis (1997*: Chapter 4 Dimitrios Kaloedes

180
160
140
120
100
80
60
40

20

7.5
Amplitude (V)

A  Real data Predicted data

45
40
35
30
25
020
15

10

2.5 3 4.5 10
Amplitude (V)

A Real data Predicted data (WS)

¢ Figure 4.4 a: Comparison ofthe real data versus the predicted data calculated using

Weibull equations 4.8 and 4.9 for E-glass Post-Cured composite material.
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¢ Figure 4.4 b: Comparison ofthe real data versus the predicted data calculated using

Weibull equations 4.8 and 4.9 for E-glass Post-Cured composite material.
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4.4 AE Event Severity for the Characterisation of E-glass Composite

Materials.

4.4.1 Aim of using a severity measure.

While conventional analysis techniques consider the time position of AE, they give
no weighting to the stress applied during the testing of the transverse E-glass fibre
reinforced composite materials. The applied stress provides the driving force for AE
activity to take place. For instance, for two AE events with similar AE parameters, where
one occurs at lower stress, then this event is likely to have a higher ‘severity’. The term
‘severe event’ or ‘severity’, indicates the importance of the initiation of damage and the
lack of integrity introduced at the microdamage site. Initial AE events emitted during
tensile testing, are considered as severe, when they introduce the important damage sites
and induced structural failure. In order to account for this, the mechanical energy of the

sample is calculated and is used to estimate the AE event severity [15], [20], [22], [55-57].

4.4.2 AE Severity. Results and Discussion

An AE event may be caused by several material changes such as matrix cracking or
interfacial debonding. During initial matrix cracking, the AE method has proved to be
most suitable because it can continuously monitor any development of the material damage
during tensile loading. Interfacial debonding is one aspect of the beginning of material
failure. It is an important event because a composite with debonded interfaces is lacking
integrity and its mechanical properties will be degraded significantly, leading to
accelerated damage accumulation and ultimate failure. The combination of normal (a) and
shear (r) stresses will determine the interface debonding. However, both ‘a’ and V are
formed from two contributions. One is the thermal residual stresses and the other is due to
the applied stress. The effect of this complex stress distribution depends on the material

properties which have been improved considerably in the case ofthe post-cure materials.
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The stress-strain distribution carries information on the stored mechanical energy
and from the AE parameters and the stored energy, it is possible to evaluate the degree of
severity at any instant in time. Figures 4.5 a, b, and 4.6 a, b, plot the AE severity in terms
of Amplitude/Energy or Ringdown counts/Energy versus time. The mechanical stored
elastic energy has been deduced from the corresponding stress-strain graphs for each of'the
materials. It has the form of : M.E.En= 1/2 a s and it can be deduced for every time
interval (tnl5tn). For the same time interval (tnb tn), there is a corresponding value AMPn
or RDCn. The severity of an AE event emitted at this time interval is: Sn= AMPn/ M.E.En.
This process is then repeated for every single time interval (tn, tntl) and the corresponding

severity of every AE event in relation to the elastic energy is then estimated.

By plotting the severity graphs in the form of severity ‘Snm’ versus ‘time’, a
hyperbolic function is expected as is been shown in figure 4.7, in the hypothetical case
where the emitted amplitude signal holds the same value during the experiment. Since the
amplitude values vary, it is then expected several peaks will occur as is demonstrated in
figures 4.5 and 4.6. The values and frequency of these peaks will then indicate the
initiation of damage with the degree of severity of the event affecting the interfacial

integrity of'the material.

Severity

Time (secs)

¢ Figure 4.7: Severity graphs where amplitude or ringdown count values emitted is

constant during tensile testing ofthe material.
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For all the calculations of severity, it is noticeable that these plots (figures 4.5 and

4.6) emphasise the initial events. The severity of the initial events is high which is as

expected and may be due to the fact that the majority of cracks initiate from the free edges

ofthe specimen and then propagate through the width ofthe material.

Data from transverse bundle samples using glass reinforcement were compared in
the cure and the post-cure conditions using ‘severity analysis’. It should be noted that
many more initial events are severe in the case of the post-cure materials as is shown in
figure 4.6. Once more, the adhesive properties between the glass fibres and the polyester
resin prove to be considerably improved in the case of the post-cure materials which can
sustain higher loads producing more severe events. In general, it could be said that the
cured materials have a larger proportion of severe events towards the end of the
corresponding curve and in comparison to the post-cured materials. Finally, it was
particularly reassuring that a good correlation exists between the present method and the
pattern recognition method (see section 4.5), in respect of identifying strong emitted
signals, throughout the corresponding time period. In both cases, it is possible to identify a
number of events with relatively high amplitude or ringdown count values. However, the
present method has the advantage ofrelating the emitted signal to the stress-strain response

of'the tested material.

The reduction in transverse strength and early AE is accounted for in terms of the
strain magnification which is maximum between the fibres. Very high strain magnification
values are obtained when the fibres are close together. Transverse cracks are nucleated in
regions of dense packing which propagate preferentially through such resins. A crack
therefore spends relatively little time propagating through large zones of pure matrix. It is
desirable that the distribution ofthe fibres in the resin in the region ofthe transverse bundle

be uniform with good resin fibre adhesion to produce good, uniform material cracking.

As well as the above factors controlling cracking, matrix cracking may also be
inhibited by the elastic constraint imposed on it by the presence of a rigid particle or fibre.
In order for an increment of matrix crack growth to occur, a critical stress concentration
factor at the crack tip must be exceeded. Initial crack/s are considered to be severe and
would be expected to play a very important role to the later composite strength

performance. In the case of transverse fibre composites the initial crack follows the fibre-
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matrix interface and the cracks can nucleate ahead of the initial crack by debonding or by
resin fracture very close to the fibre-matrix interface in regions of maximum radial tensile
stress or strain. In other words once this initial crack occurs then its propagation is

unavoidable and so the degree of severity ofthe damage to the material is high as can been

seen from figures 3.3 a, b and severity figures 4.5 and 4.6. Here the majority of the cracks
initiate from the free edges of the specimen and then propagates through the width of the
specimen. Multiple cracks follow, and local matrix damage increases. The current method
demonstrates the importance of identifying a number of emitted signals which show that

structural failure initiates and propagates through the material interface.
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4.5 PATTERN RECOGNITION

4.5.1. Reasons for AE Signal Recognition

The aim of this section is to identify and categorise AE parameter values in such a
way that it will be possible to determine different fracture mechanisms. Depending on the
amplitude (Volt) and ringdown count value ranges, this study attempts to identify matrix
cracking and fibre debonding. The study has limited application and further work could be

undertaken, in order to achieve a proper scientific understanding.

4.5.2 Discussion of the Pattern Recognition Method and Results

The term “pattern recognition” is applied to a branch of artificial intelligence,
where statistics and mathematics are applied to data, to store patterns in a computer and to
compare new patterns with those that have been stored. It can be defined as the
categorisation of identifiable classes in the input data via the extraction of significant
features or attributes of the data from a background of irrelevant details. Generally, a
pattern systems goes through a learning or training stage, in which a set of decision rules
are developed. The goals is the classification of unknown signals into a set of pattern

classes and it can perform the same function as a human expert in making a decision.

Acoustic emission monitoring, similarly generates a data set and is used because it
allows real time analysis of damage accumulation in materials. The AE technique does not
require special sample preparation (machining, mounting etc.) as might be expected in the
case of metallography, or fracture surface studies.. Stress concentrations play a vital role in
the mechanics of such systems and are generated, for instance, when fibres are oriented
transverse to an applied load and are close together. If a composite of transverse fibres
undergoes strain, the matrix between the fibres will elongate considerably more since the
glass fibres are much more rigid. If the fibres are totally rigid, all the strain over the
distance between the fibre centres (L) would be concentrated in the matrix between the

fibres and hence a strain concentration generated. As the distance between the fibres
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decreases, the stress concentration increases rapidly. In this work, details of the damage
accumulation process have been studied by correlating the mechanical and acoustic

emission response for each system.

First of all is has to be noted that the absolute values of the acoustic amplitudes and
or ringdown counts are varying from system to system. Generally the literature is full of
conflicting results concerning AE amplitudes and source mechanisms. However, from a
number of authors [13], [17], [19], [37], it is well accepted that events which occur from
fibre debonding, contain higher energy and therefore these events appear to have higher
values for ringdown counts and amplitude than those events which purely caused by matrix

cracking.

The AE amplitude and ringdown counts values versus time for both the 7 days
cured and post-cured specimen are shown in figures 4.8 a, b, 4.9 a, b, and 4.10 a, b and
4.11 a, b, and are employed to give a better view of the damage evolution via A.E
techniques. The AE events captured, due to the nature of the electronics used, have a range
of values which are 0-10 volts and 0-60 ringdown counts. It could be argued that fibre
debonding releases more energy than matrix cracking; hence it would be expected a fibre

debonding signal would be more energetic.

In the case of full engineering composites, the hypothesis that has been proposed is
that, an AE signal within the range of 0-4 volts and 0-40 ringdown counts indicates matrix
cracking, and that values in the range of 4-10 volts and 40-60 ringdown counts is linked to
fibre debonding [13-14]. Also it is possible to say that for the low amplitude signals (0-3
V), (0-20 RDC), the initiation of delamination, takes place, for the medium range (3-6 V),
(20-40 RDC), growth of delamination occurs, and the high amplitude events (6-10 V), (40-
60 RDC), are caused by rapid advances of delamination. The latter case has been mostly
obtained at the end ofthe stress-strain curve where the fibre debonding is reaching the final
phase and the final fracture of the specimen is taking place. At this stage it is to be
expected that there would be a build-up of interfacial failure leading up to the final fracture
of the material. For both sets of data presented (figures 4.8, 4.9 and 4.10, 4.11) there was
essentially no build up of high amplitude events. The suggested pattern is that low

amplitude, short duration, low counts and energy data were due to matrix cracking, while
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the high amplitude, long duration, high counts and energy data were due to fibre

debonding.

Continuous AE monitoring during loading provides information on first failure
usually associated with the initiation of matrix cracking. The majority of cracks might be
expected to initiate from the free edges of the specimen and then propagate through the
width ofthe specimen. As part of this investigation, the severity of the initial events were
examined (section 4.4). These events emit generally low amplitude and ringdown counts
signals, but they do play a vital role in the initiation of the crack propagation and lifetime
performance of the transverse glass fibre reinforced composite materials and in the

practical case, full engineering composites.

Clearly, even in this investigation, analysis of data is complex since the detailed
nature of the failure process for the transverse fibre composites is complicated. Noise
signals were carefully eliminated from the AE data through the careful use of specific
software filtering. This was. basically achieved with the use of 0.2 V threshold level and
the 200 psec data window. In some cases the very first AE events had unusual high
amplitude and ringdown count values. These values fall well above the range of the

average signal for the following events.

Since the duration of a noise (non AE) signal is long and the peak amplitude is low
it is possible to eliminate such patterns [17], [58]. Finally, most studies on pattern
recognition techniques applied to AE, do not have direct confirmation of the source
mechanisms to compare with A.E data. Fracture energy considerations have been used in
attempts to explain why a given source mechanism might produce larger or smaller
amplitude acoustic signals, but the arguments have not been conclusive [37]. Also, the
effects of wave propagation, such as attenuation, dispersion and multiple modes of
propagation, have been largely ignored. In other words the corresponding pattern
recognition applied to AE is not based on scientific understanding, but on empirical
observations, which makes the whole subject incomplete. While the data in figures 4.8 and
4.11 suggest crack growth mechanisms associated with initiation, growth and
delamination, pattern recognition applied to a time history appears less effective when

compared to statistical methods discussed elsewhere in this thesis.
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4.6 CONCLUSIONS FOR TESTING TRANSVERSE COMPOSITE
MATERIALS

Chapter 4 has considered the characterisation of E-glass transverse bundle
reinforced composite fracture mechanisms using statistical and pattern recognition
techniques in order to analyse acoustic emission (AE) data derived from tensile testing.
Samples were subjected to different treatments such as curing at room temperature, post-
curing for 2-4 hours inside an oven and ultrasound treatment for 15 minutes in distilled

water.

Weibull statistics were applied, to the AE data derived from the ringdown counts
and amplitude distributions. Values for shape parameter ‘m’ and scale parameters ‘RDCO’
and ‘AMPO’ were obtained. The corresponding results for post-cured samples were ‘m-
AMP’ = 0.75, ‘m-RDC’ = 1.68 and ‘m-AMP’ = 0.56 and ‘m-RDC’ = 1.28 for cured
samples, giving a clear indication of the narrower amplitude and ringdown count
distributions relative to the number of events, for the post-cured materials. This data
suggests that for the post-cured condition a more uniform distribution of similar defects
was achieved. The overall properties and resin/fibre adhesion characteristics of the post-
cured samples were considerably improved. Using the ‘m’ and ‘RDCO’ values, it was

possible to predict/fit the Weibull equation to experimentation AE data distributions.

The severity of the events caused by the material displacements which are detected
and converted into fluctuating voltage signals was also examined. The initiation of damage
and the lack of integrity introduced in the fibre-matrix interface is considered to describe a
severe event, which affects the overall performance of the composite material. By
monitoring the acoustic emission events and especially the values from the amplitude and
ringdown count data in relation to the stress-strain response, it is possible to estimate the
degree of severity for both cured and post-cured types of samples. The number of the
severe events in the case of post-curing is higher and start at a earlier extension rate. In
order to give a clear view of the crack propagation microscopic examination was

undertaken and demonstrated the existence of transverse cracks between the fibres.
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The use of acoustic emission during composite testing developed in this work
provides a quick, convenient and apparently reliable means of determining the evolution of
damage in transverse glass and Kevlar fibre composites. The Weibull statistical methods
proved effective in characterising material changes. It is probable that the technique

considered here, could be used for tests on a variety of other fibre composite systems.
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CHAPTER 5

APPLICATION OF AE TO THE TESTING OF FIBRE BUNDLES

5.1 Introduction

When damage or failure occurs during loading of a material, only a part of the
strain energy is recoverable. The remainder energy will be liberated, in part, in the form of
a stress wave which travels through the material and can be detected at the surface of the
material by suitable sensitive transducers. These acoustic or stress-wave emissions are a
potentially powerful source of information about the internal processes of fracture in E-
glass and carbon fibre bundles. It has been be shown [25, 27] that monitoring such AE
bursts (“events”) provides a reliable means of identifying fibre fractures as they occur in a
large bundle under tension. Thus AE provides the possibility of detecting fibre fracture
and monitors the time of failure that otherwise would be difficult to achieve by optical

methods, load drop or strain measurements.

Bundle testing of perfectly elastic fibres using a load/strain curve has recently been
demonstrated [31, 54]. The AE technique has been employed in the study of a fibre system
and has been able to determine the fracture stress of the individual bundles under tension.
In this work the AE technique has been used, as described in chapters 3 and 4 to monitor
transverse fibre bundle composite materials during tensile testing, providing information
on composite fracture mechanisms. In the case of fibre bundles it is possible to relate AE
signal parameters to the instantaneous fracture stress and hence analyse fibre systems by
means of statistical techniques. The main focus of the work was the examination of AE
ringdown counts and the relationship which exists between the number of counts and the
number of physical events during damage propagation. It has been shown [28] that the
statistical variation of the tensile properties of fibres can be obtained during fibre bundle
testing which is preferred to single fibre testing, since it minimises the amount of handling
and damage. However, using this method, statistical data on fibre strength would be
expected to show some differences due to interfibre interactions and friction during fibre

bundle testing [27, 29, 53].
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The testing of complete fibre bundles has gained increased support in recent years,
since the statistical data concerning fibre strength is much more conveniently obtained
using complete fibre bundles and the data is more relevant to the situation which might
prevail in a fibre bundle. When detecting AE from fibre bundle fracture, each fibre
fracture has an associated AE. The main associated parameter chosen was the ringdown
counts per AE event, which is emitted during tensile testing of glass and Carbon fibre
bundles. From the AE data it was possible to obtain, the ringdown count distribution
relative to the number of events. The corresponding distributions were examined and
described using statistical approaches which aim to fit the distribution of'the AE data to the
equation for the statistical distribution. Therefore, by predicting this distribution it is
possible to describe the nature ofthe failure processes within the fibre bundle. This can be
approached by using a two parameter Weibull distribution function, [52, 61] since this
function generally provides an adequate description of the failure processes. In this work,

two additional statistical approaches have been considered:

4 a) a two parameter log-normal distribution function [59] and

#Db) a generalised Lambda distribution.

The latter method is a completely new approach proposed by W. Gilchrist [60],

The work in this thesis represents an empirical test of this new methodology.
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5.2 Physical Dimensions and Defects in Fibres

Flaws usually found in fibres can be classified either as surface flaws or internal
structural defects. Surface flaws are produced by abrasion, indentation or impact with
harder materials, during manufacture or later during the handling stage. Although these
flaws are small in size, they can act as severe stress concentration points. The fracture
strength of any given fibre is limited by the physical dimensions and characteristics of the
most severe defect present [62]. It is difficult to suppress the defects, despite major
advances in both the manufacturing process and inspection techniques. This is mainly
because of the inability of existing instruments to reveal submicron flaw sizes, and the
unknown origin of defects, i.e. whether they occur during the manufacturing process or

later during handling.

Griffith [63], used glass as a convenient model in his classical work to demonstrate
that the “energy balance” criterion provided a satisfactory condition for the extension of a
crack. He also showed that the strengths of materials, free from flaws were very much
greater than those usually found in practice with an increase of the strength levels of up to

200%.

Additionally, a number of authors recognised the important fact that the fracture
load, for a bundle is never greater than the product of the bundle area and the mean fibre
strength. A notable attempt was made by Weibull [61] to establish a statistical theory for
the strength of materials exhibiting a wide scatter in their fracture strengths. Daniel [53]
investigated the relation between the strength of a bundle and its constituent fibres and
developed in great detail the properties of the probability distribution of bundle strength.
The assumption in Daniel’s model is that the fibre failure stress is independent of the rate
of bundle loading and that the load, after failure of some fibres, is equally distributed
among the surviving ones. In recent years, this basic assumption of “equal load sharing”
has been analysed to allow for such features as interfibre frictional forces [32]. Coleman
[64] considered the time dependence of mechanical breakdown in a fibre bundle by using
the theory of “breaking kinetics”. He showed that classical theories, can be derived from

the kinetic theory as special cases.

105



MPhil Thesis (1997*: Chapter 5 Dimitrios Kaloedes
5.2.2 Fibre Diameter

Although glass and carbon fibres in a typical production run have similar diameters,
the maximum variation from the mean being only about = 10%, their strength may differ
greatly. The most common fibre cross section produced is circular. Other shapes such as
square, rectangular, I-beam and cross fibres are being considered for production as they

permit closer packing in a composite and thus higher load bearing capability.

Thomas [65], while investigating the effect of surface on the glass fibre strength,
found that the mean breaking stress of fibre bundles increases with decrease in the diameter
of individual fibres. He postulated that thick fibres are more susceptible to surface damage
and also include more internal flaws. However this investigation was not complete, since
Thomas only used a range of diameters of 8 to 50 microns. Indeed it was later found [66]
that the strength of a fibre increases with an increase in the diameter up to 7 microns and

then decreases as the diameter increases.

5.2.3 Fracture Energy Models

For a fibre of length L of cross-sectional area A and elastic modulus E, fracturing at

stress (j, the elastic energy released in fracture is [28]:

- eHAL (.1)

For each fibre fracture, as the energy is released, a similar fraction should appear as
stress wave energy, after the energy is used to create new fracture surfaces. This AE
energy will be propagated in similar acoustic modes or a mixture of modes, and will be
similarly attenuated in transit to the measuring transducer. The electrical energy output by

the AE transducer UAEis assumed to be directly proportional to Uf.
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5.3 Experimental Testing of Glass and Carbon Fibre Bundles.

5.3.1 Preparation of Materials.

As previously noted (see section 5.1), the characteristics of E-glass and carbon fibre
bundles will be examined by the means of acoustic emission during tensile testing of a
fibre bundle. The main characteristics for the two types of fibres are firstly that carbon
fibres are far superior to E-glass fibres in terms of specific modulus. In the absence of air
and other oxidising atmospheres carbon fibres possess exceptionally good high temperature
properties while the properties of E-glass are likely to be reversible with temperature. Both

types of fibres fracture in a brittle manner without any yield or flow.

Individually, and by comparing carbon to glass fibres, some of the main
characteristics for E-glass fibres are the extremely high breaking strength, and elastic
failure strain and the low fracture energy. Carbon fibres are popular materials due to their
high strength and high specific Young’s modulus as can be seen from a typical example
which is described in table 5.1 [48]. The modulus of carbon fibres depends on the degree
of perfection of alignment which varies considerably with the manufacturing process and
conditions. These imperfections, together with surface and internal defects, act as stress
raisers and points of weakness leading to a reduction in strength properties. Other sources
of weaknesses, which are often associated with the manufacturing process, include pits and
microcrystallites. Consequently, an important aspect of the statistical variability of the

properties of fibre bundles is variability of'the properties on individual fibres.
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¢ Table 5.1: Properties of carbon and glass fibres at 20 °C. The information is obtained

from manufacturer’s data sheets.

C&rbonFAN-based E glass
Specific Young’s Modulus 200 (GNm™21 0Jkgm'3) 30 (GNnAl0'kgm"I)
(Modulus/density)
Tensile Strength 2.2 (GNm?) 2.5 (GNm"2)

Both E glass and carbon fibres used in this work were supplied by Les Fils d’A
Chomarat & Cie (France). The first type of E glass fibre bundle is the 19S3 with 0.36 mm
thickness. The second type is the 200T with 0.25 mm thickness. The carbon fibres tested
are the 200C type. The fibre bundles were immersed into a silicone oil bath prior to
testing, in order to reduce the interfibre friction during testing (which would decrease the
strength of the bundle). As has been reported by Hill and Okoroafor, [27], dry bundles
have been shown to induce some degree of co-operative failure. The effect of lubrication is
to minimise this interfibre friction, which would come into play as fibres are drawn
together by the applied load. The presence of friction induces failure due to frictional load

transfers from fractured to unfractured adjacement fibres.

The ends of a bundle specimen to be tested were cemented to aluminium plates
using the RS 159-3957 high strength epoxy adhesive taking care that the fibres were
parallel in order to eliminate early buckling which would produce a reduction in their
strength and performance. Figure 5.1 shows schematically the fibres aligned parallel to
each other and cemented to aluminium plates. Work by Attou [51], considered which end
plate material best transmits the AE signal to the sensor. The energy released during fibre
fracture, was measuring using mild steel, brass and aluminium end plates. Aluminium was
found to be the best when a wave travels from material “A” (the fibres) to material “B” (the
end plates), some of the energy is reflected because of the acoustic impedance mismatch at

the interface as can be seen in table 5.2. The energy reflected [Er] is:
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Er= [(Z,-Z2/(Z,+Z2]2

Where ZI5 Z2 are the specific acoustic impedance of the materials.

¢ Table 5.2: Comparison of the materials suitable for the transmission of the AE signals

resulting from fibre break.

MATERIAL Specific Acoustic % ENERGY
o AL 17.3 1.0
BRASS 37 21.0

MILD STEEL 47.6 30.0
E - GLASS 13.7 —

The free length of the bundles to be tested were 110 £ 1 mm when cut from the
“cake”. The testing procedure was in each case identical. For variable fibre bundle length,
the values of failure stress would be inversely proportional to the fibre length. The
connection between the strength of a bundle and its flaw distribution, has been observed
for a fixed length “T” which broke under normally distributed load. Different bundles of
length “L” (greater than “I’) would break under loads whose strength distribution is biased

towards lower loads indicating an increase in the number of flaws in the longer sampled

bundles.
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70 £ 1 mm

« |

¢ Figure 5.1: Schematic representation of glass and carbon fibre bundles aligned parallel

to each other and cemented to aluminium plates.
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5.3.2 Fibre Bundle Test Conditions

Fibre bundle tensile tests to failure were performed once more using a LLOYD-
6000R testing machine, at a constant crosshead movement rate of 0.1%/min ensuring a
constant strain rate. A commercial Acoustic Emission (AE) sensor - AET type AC 175L
resonant frequency 175 kHz supplied by Acoustic Emission Technology Corporation - was
utilised. Since the duration ofthe AE can be enhanced by stress waves reflected within the
specimen / support system, it was found helpful if the AE sensor was mounted in the
bottom testing machine grip using a spring clamp to minimise this effect. Silicone grease
was used as a AE couplant The AE signals from the transducer, in the form of decaying
sine waves (as shown in figure 2.1 in section 2.2), of given amplitude, frequency and decay
constant, were preamplified by a 40 dB (AECL 2100/PA,) [AECL Ltd “Manual for the use
of the AECL AE system]. Then the signals were processed using an AECL 2100M
acoustic emission system. The sudden release of strain energy is converted into fluctuating
small voltage signals which are amplified and then processed to be stored electronically on
a computer. The threshold level applied was 0.2 Volts in order to try to eliminate the effect
of any electronic and inherent background noise arising from the grips or movement ofthe
crosshead of the tensile machine. The settings of the system threshold did not give exact
correspondence between the emitted number of events and the number of fractured fibres.
Although the data prove to have uniform distributions with well defined limits of 55-100
ringdown counts, occasionally the elimination of some weak fibre fracture data was

necessary.

For the ringdown counts (i.e. the number of oscillations greater than the pre-set
threshold level) and amplitude, a 400 psec window (400 data points) had been defined
together with a 0.2 psec dead time. This means that if at the end the signal does not pass
through the threshold for 0.2 psec then it is taken to be the end of the event. The system
was configured so to calculate the value for ringdown counts of each acoustic emission

event.
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5.4. Fibre Bundle Testing

5.4.1 Aim of the Fibre Bundle Testing

With the use oftensile tests on lubricated glass and carbon fibre bundles an attempt
has been made to monitor the fibre failure process. The aim of this work is to identify
individual fibre breaks, to the last fibre in the bundle, without undertaking specific
calibration to eliminate the frictional noise contribution to AE. Using AE together with the
stress-strain responses it is possible to monitor the exact time and load of fibre breaks,
since the breaking of each individual fibre is accompanied an associated AE signal with

corresponding ringdown count data.

5.4.2 Bundle Fracture Processes

Experiments were carried out testing to failure fibre bundles of 70 £1 mm length
for E-glass and carbon fibres. When a bundle of fibres is loaded in tension, the fibres break
one by one starting with the weakest. Since the broken fibres do not carry tensile load the
effective cross-sectional area of the bundle gradually decreases with the increasing load.
The redistribution of stress leads to additional stresses on neighbouring fibres. As the load

increases, this sequential fibre fracture continuous, leading to bundle failure.

The scattering of the fibre strength is very important in defining the maximum
stress the bundle can sustain. As the fibres in the bundle break and its cross-sectional area
reduces this results in multiple fibre breaks as the load increases. This phenomenon
appears in the ringdown counts versus strain graphs where higher values of ringdown count

are obtained as strain increases.

It is also noticeable that the fibres break when their stress reaches the fracture stress
of the severest defect and the fracture stress of the severest defect varies according to the
probability governing the population and the severity of the defects. It is assumed that the

defects are distributed along the fibre length according to a spatial Poisson process which

stated that:
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¢ The defects are located at certain positions along the fibre length with equal
probability.
¢ The location ofthe defect is independent of locations of any other defects.

¢ The severity ofthe defect is independent ofits location.

For each fibre bundle fracture, as the elastic energy is released, a similar acoustic
fraction of'this energy should appear, with similar AE parameters. It should be pointed out
that the resulting AE parameters show good agreement within each type of fibre bundles

under tensile test.
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5.5 Experimental Results and Discussion for Fibre Bundle Testing

A primary objective was to test glass fibre bundles, extend the testing to carbon
fibres, assess the AE methodology when using full AE waveform capture and find out
whether the fracture stress of a fibre or group of fibres could be correlated with some
characteristics of the associated AE signals. A central difficulty here is that AE signals
from similar source phenomena, such as fibre fracture at a given stress or stress intensity,
are commonly found to have a wide scatter of ringdown counts, amplitude and duration.
Even if the AE stress wave has energy proportional to the energy released at source there
are, in general, losses such as plastic deformation, heating effects, creation of new surfaces,
attenuation, and reflection at interfaces and boundaries. These effects have a strong
presence in the case of dry bundles but they also take place in the case of the lubricated

fibre bundles.

Typical mechanical and AE data for the two types of E-glass and carbon fibre
bundles are presented in figures 5.2 a, b, ¢, 5.3 a, b, c and 5.4 a, b, ¢ together with tables
5.3 a and 5.3 b which provide a complete set of data value and the average data values
respectively. These figures show the stress strain response, and superimposed AE data.
AE data was obtained by po'st-processing each AE event to obtain, in this case ringdown
counts (per event) in order to relate the relative acoustic energy released by the fracture
events. The test conditions mean that event saturation is represented by a ringdown count
value of approximately 100. As has been reported [28] in the case ofringdown counts, it is
possible, due to the occurrence and overlap of the various fibre failure modes as for
example, singlets, doublets, triplets, at high strains that significant overlap of AE could be
occurring. This will result in lower values of the ringdown counts that might be expected

and explain the fact that this parameter saturates.

Each AE event appears as a point on the graph, with the points joined by straight
lines, in order of increasing- time (extension). It should finally be mentioned that these
figures often show flat portion of the stress-strain curve associated with the aluminium tab
slippage in the grips. It is important that no significant portion of AE events were recorded

in this region and the flat portion has been subtracted from the final fracture strain value.
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The maximum average failure strain, the maximum average failure stress, together
with the corresponding strain and the number of emitted events during tensile testing are all
presented in table 5.3 a together with figures 5.2 and 5.3 which correspond to the 19S3 and
200T glass fibre bundles. From table 5.3 b, it can be seen that the 200T E-glass fibres can
sustain much higher levels of stress (1386.9 MPa) than the 19S3 type (833.2 MPa).
However, for both types of glass fibre bundles the final strain values are similar with

averages of 1.15 % and 1.02 % correspondingly (table 5.3 b).

The differences in data shown in table 5.3a are attributed to either the test procedure
and/or the state of the fibre system prior to testing. Fibre bundle failure starts earlier on
average for the 19S3 type (approximately 0.3% strain) compared with the 200T type (0.5%
strain) as indicated by the AE record. The strain values at maximum load (fibre failure
strain) occur in the same order (19S3 glass : 0.735% - 200T glass : 1.01%) as can be seen
from table 5.3 b, the corresponding figures perhaps indicating a relationship between the

commencement of fibre bundle failure and the bundle failure strain.

Tables 5.3 a and 5.3 b, describe the experimental data for 200C type carbon fibres.
The carbon bundle shown similar levels of maximum stress as the 200 T type glass fibres
with an average stress of 1275 MPa, strain 0f 0.827 % and maximum strain 1.02 % (strain
on average). Carbon fibre data is shown in figure 5.4 a, b, ¢ where the stress-strain

response is superimposed with AE data such as ringdown counts.

By comparing figures 5.2 and 5.3 and using tables 5.3 a and 5.3 b the difference in
the number of events between the 19S3-glass fibres and the 200T glass fibres, can be seen
where the number of events are approximately 2-3 times more in the case of 19S3 E-glass
fibres. The number of events for the 200C carbon fibres, fall into two different categories
600 and 1100. It is also important to notice the AE data signal pattern. Through the
corresponding figures, it is possible to see that all three bundles can be characterised as
having ‘quiet then noisy’ behaviour, with large fluctuations ofthe ringdown count values at
low values of the stress-strain curve and higher ringdown count values as the stress-strain
levels increased. This rise in ringdown counts also gives an associated rise in such AE

parameters as events amplitude and event duration (assuming no event overlap occurs). In
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general, the average ringdown counts for the fibre bundle failure events rises to a constant

value, as applied stress increases, as can be seen from figures 5.4 a, b and c.

As has been mentioned earlier the number of events is affected by the selected
threshold level. Ifthe set value for the threshold level is too low and the duration window
is too large, ‘noise’ events will be detected and can mask the ‘good’ events. If it is too
high, some good events will be missed-out. Note also, that, as the AE signal duration is
enhanced by stress-wave reflection within the specimen/support system [67], the
attachment of the AE sensor to the aluminium end plate mounted in the immobile bottom
grip of the tensile machine, was found to dampen the AE signals more rapidly. Also the
AE energy released at source can be affected by general losses within the bundle system
and reflection at interfaces and boundaries. Keeping in mind the above arguments and
although it is difficult to give a precise correlation between the number of fibres in a
bundle and the number of AE emitted during tensile testing, it could be said that the 19S3
glass bundle has approximately 650 fibres, while the 200T bundle has 250 and the 200C
bundle has 800 fibres.

It is also important to point out that single fibre fractures are dominant at low
stresses, while at high stresses multiple fibre fractures become predominant [28]. It is
therefore possible that around the maximum stress position and beyond, overlap of the
various fibre modes (singlets, doublets, triplets) of AE waveforms begins to occur. This
will result in lower values of ringdown counts than might be expected as the stress on

individual fibres continuous to rise beyond peak nominal stress.

Large values of ringdown counts in the AE signal, indicate that there is a large and
sudden amount of stored energy released from the fibre bundle system. Also, there is a
major difference between this experimental approach to testing fibres and the quasi-static
test procedure undertaken by Cowking et al [30]. In the latter method, it is possible that
load is equally shared in any configuration of failed and surviving fibres, hence minimising
multiplet fibre failures. These factors, and possible energy loss factors, such as creation of
the new fracture surfaces, acoustic reflection at interfaces and boundaries, signal
attenuation in transit to the measuring transducer, and the rate at which the stored elastic
energy is released in the failure process, play a significant in the value of ringdown counts.

Thus, while the ringdown count values in general are expected to increase with rising fibre
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failure stress and thus differentiate fibre failure stress, it could also exhibit large
fluctuations. This is clear from the experimental data presented in the corresponding

figures for glass and carbon fibre bundles.

It is noticeable the fact that as stress increases and then drops the remaining fibres
can sustain the load. This indicates that there is not a catastrophic sudden failure of the

bundle although individual fibres show sudden brittle fracture.

Finally in order to explain possible inconsistencies between the maximum stress-
strain results for each ofthe fibre bundles, ICI and Owens Corning [51] have conducted an
investigation on tensile strengths of fibre commercial rolls. They point out three

significant variables such as:

a) The effect ofthe chemical composition ofthe size on the strength of fibres.

b) The strength variation in fibres taken from different positions within a roll (strength
variation is believed to be due to different cooling rates between the surface layers and
other layers within the roll).

c¢) The differences in the strength between fibres taken from the turn around point and
fibres taken from the centre of the cake. To make a fibre roll, a strand (bundle of
fibres) is wound across the width of the roll, the edge is reached and the winding
direction is changed to traverse back, continuing the winding up process. This traverse
ofthe cake occurs at high speeds, thus inducing dramatic deceleration and acceleration
in the strand at the edges- of the roll. Its is believed that as the winding angle changes
at the edge of the roll, the fibres are curved over and thus susceptible to breaking

because of their brittleness.
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¢ Table 53 a

Tensile properties and acoustic emission events of: a)l19S3 glass fibres b) 200T glass

fibres, and ¢)200C carbon fibres.

SiKtimen.fk, Max.Strata
/ Caring Strain
19S3 -1 glass 0.835 1184.2/0.713 580
19S3 - 2 glass 0.926 886. 7/ 0.747 643
19S3 - 3 glass 0.9092 647.5/0.420 954
19S3 - 4 glass 0.996 911.7/0.812 614
19S3 - 5 glass 0.818 665.4 / 0.460 714
1983 - 6 glass 1.418 751.5/1.007 861
19 S3 - 7 glass 1.112 785.3/0.984 527
200T - 1 glass 1.178 1306.5 / 0.983 293
200T - 2 glass 1.055 942.5/ 0.9257 217
200T - 3 glass 1.223 1545/0.997 346
200T - 4 glass 1.148 1602 2 /1.082 204
200T - 5 glass 1.189 1538.6 /1.063 233
200C -1 carbon 0.898 1220.3/ 0.735 684
200C - 2 carbon 1.223 1301.3 / 0.883 546
200C - 3 carbon 0.964 1305.1 / 0.883 1032

200C - 4 carbon 0.996 1275.6/0.818 1250
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¢ Table 5.3 b: Average values for maximum stress (MPa),strain (%) and number of

emitted AE events during tensile testing for glass and carbon fibre bundles.

Sample No

19S3-glass
200T-glass
200C-carbon

JNiax StmstMPal !ii No of Events
1"or/mg Strain (%)

1.002 833.2/0.735 699

1.158 1386.9 /1.01 259
r

1.020 1275.5/ 0.827 870
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5.6 Conclusions

This chapter was based on the characterisation of glass and carbon fibre bundles (70
+ 1 mm length) fracture mechanisms with the use of acoustic emission and the associated
parameters. The three different types of fibre bundles were subjected to silicone oil
treatment in order to reduce the interfibre interactions and friction and consequently give a
set of data which relates directly to fibre fracture. The AE data obtained, included useful
information related to the number of emitted events during tensile testing and the

associated ringdown counts and time (secs) of every event.

Initially, it was possible to obtain the stress-strain responses and superimposed AE
data for the 19S3-glass, 200T-glass and 200C-carbon fibre bundles. It was clear that the
200T-glass fibres can sustain higher levels of stress (1387 MPa) than the 19S3-glass fibres
(833.2 MPa), where the failure strain started at an earlier rate of 0.3 % in comparison to 0.5
% for the 200T-glass fibres. Similarly, the 200C-carbon fibre bundles failed at a stress
level of 1275 MPa. From the corresponding plots of stress-strain and ringdown counts it is
clear that there was a rise of ringdown counts with large fluctuations and large values of
RDC, indicated a sudden released of stored energy inside the fibre bundle system.
Generally, it was shown that stress-strain and AE characteristics reflect the difference
between the fibre bundles. The AE technique provided a reliable mean of identifying fibre
fracture in real time and it was able to monitor the fracture propagation in each fibre

system.
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CHAPTER 6

STATISTICAL DISTRIBUTION METHODS APPLIED TO AE

6.1. Aim of the Statistical Analysis of Fibre Bundle Failure

Chapter 5 discussed the acquisition of AE and stress-strain data from the fracture of
two types of glass and one type of carbon fibre bundles. The number of fibres in the
bundle were different in each case. Previous work [27-28], has set instrumentation
thresholds, so that AE events reflect exactly the number of fibres present. The studies
reported here have not tried to do this, with an arbitrary threshold used, providing perhaps
a practical and more traditional approach to AE testing, where the electronic threshold is
just used to eliminate environmental and electronic noise. Testing in this mode, would be

expected to yield AE associated both with fibre breakage and interfibre frictional effects.

This chapter will consider the AE data associated with the failure of glass and
carbon fibre bundles. These materials show fluctuations in their failure strength and AE
parameters. The distribution of ringdown counts versus the number of events emitted
during tensile testing will be examined and analysed. Statistical techniques will be applied

to offer the possibility of characterisation and the prediction ofthe failure processes.

130



MPhil Thesis (1997*: Chapter 6 Dimitrios Kaloedes

6.2 Distribution of AE Ringdown Counts and Events

AE related work described on chapter 5 and 6 concerns the characterisation of fibre
bundles through the fracture energy released during tensile testing. The acoustic emission
events recorded during the experiments leave a characteristic signature in terms of the
corresponding ringdown counts. In this section the distributions of 19S3-glass, 200T-glass
and 200C-carbon fibre bundles will be examined through plots of Ringdown Counts versus
Number of Events. The characterisation of these distributions has been the topic of this
investigation and a number of features such as interfibre friction, defects and
manufacturing inconsistencies play a vital role in the results. The AE ringdown count
distributions are shown in figures 6.1 a, b, 6.2 a, b, and 6.3 a, b, for the 19S3-glass, 200T-
glass and 200C-carbon fibres, where the corresponding distributions appear to have an

asymmetric nature.

By obtaining the corresponding plots for the three types of fibre bundles, it should
be mentioned that the main peak of the ringdown count distribution starts at a value of
about “55 to 657 The small relative number of emitted events prior to this region is
attributed to a variety ofnoise sources. These noise sources as it is mentioned earlier could
include frictional and de-adhesion effects within the fibre bundle and they were ignored in

the statistical techniques which were applied in this research.

Comparison of the AE distributions for the three types of fibre bundles are
considered in table 6.1 a where experimental data is illustrated. The statistical distribution
is analysed in a simple way in terms of the percentage number of events above 55 and 65
ringdown counts respectively. This provides a simple indication of the shift of the
distribution along the ringdown count axis. It is noticeable that the percentage ratio of the
number of events between “55 or 65 to maximum ringdown counts” for the 200T type
glass fibres is consistently higher than the 19S3 glass and 200C carbon types. From table
6.1 b, the average percentage of the number of events which is greater than 55 ringdown
counts in relation to the total number of events for the 200T type is 96.85 % in contrast to
84.72. % for the 19S3 type and 85.25 % for the 200C type. The same trend follows for the

number of events greater than 65 ringdown counts where the values are 97.55 % for the
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200T, 89.7 % for 19S3 and 89.2 % for 200C types. In general, all three bundles show a
narrow distribution of ringdown counts as could be expected since fibre tests should

behave in a much more similar way than, for the transverse fibre composite materials.

The position of the distributions for similar materials were generally in good
agreement to each other, considering AE signals from similar source phenomena, such as
fibre fracture at a given stress or stress intensity are commonly expected to have a wide
scattering of ringdown counts.[28, 67] This variability in the individual AE parameters is
because even if an AE stress wave has energy proportional to the energy released at source
there are in general variable losses which can attenuate the emitted signal. In general, AE
bundle testing has again provided, a quick, convenient and reliable means of differentiating

fibre systems.
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¢ Table 6.1 a

Number of events with ringdown counts above 55 and 65 respectively and in comparison
to the total number of ringdown counts for: a) 19S3 glass fibres b) 200T glass fibres c)
200C carbon Fibres.

Spesirasa m.biEwm i

;] BDOMI J

SneMMMecdHk
19S3 -1 glass 469 / 580 517/580 80.86 89.13
19S3 - 2 glass 582/643 603/643 90.51 93.77
19S3 - 3 glass 726 / 954 813 /954 76.10 85.22
19S3 - 4 glass 504/ 529 529/ 614 82.08 86.15
1983 - 5 glass 640 / 714 663 / 714 89.63 92.85
19S3 - 6 glass 677 / 861 730 / 861 78.62 84.78
19S3 - 7 glass 502 / 507 507 / 527 95.25 96.20
200T - 1 glass 280 /293 282 /293 95.56 96.24
200T - 2 glass 211/217 212/217 97.23 97.69
200T - 3 glass 336 / 346 339 /346 97.10 97.97
200T - 4 glass 196 / 204 199 /204 96.07 97.54
200T - 5 glass 229 /233 229 /233 98.28 98.28
200C -1 car 560 / 684 593 / 684 81.87 86.70
200C - 2 car 462 / 546 485 / 546 84.61 88.82
200C -3 car 875/1032 916/1032 84.78 88.78

200C - 4 car 1122/1250 1157/1250 89.76 92.56
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¢ Table 6.1 b:

Dimitrios Kaloedes

Averages values derived from the corresponding ringdown counts versus number of

events distributions in table 6.1 a. These values compare the number of events emitted

above the 55/65 boundary and the total number of ringdown counts. The values include

data for all the three types of bundles: 19S3-glass, 200T-glass and 200C-carbon fibres.

Sampklype RPC
*65-TotaP
19S3-glass 4100/4893
200T-glass 1252/1293

200C-carbon 3019/3512

urn
<S5*TotaP
4362/4893
1261/1293
3151/3512
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84.72 89.72
96.85 97.55
85.25 89.20
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6.3  Statistical Analysis and Fibre Bundles

It is well documented [17, 25, 28, 30, 66.] that the fracture stress of brittle materials
show a large variability. In order to use these materials for engineering purposes, the
distribution of strength needs to be characterised. Based upon theoretical and empirical
justification, Weibull Statistics has become a widely popular statistical model in
engineering applications. In this part of the present work, a technique has been developed
whereby AE monitoring of fibre bundles under tension, provides a method of obtaining
strength characteristics [31]. The technique is convenient and quick. The fibres are tested

in the form of a continuous “tow’ and lubricated in silicone oil.

A procedure often adopted by researchers in determining fibre strength distribution
is through the measurement of the average strength of a group of fibres of the same length.
The Weibull shape parameter is then determined from the distribution of fibre average
strength. There are shortcomings in such measurements. First, it is rather tedious to
extract individual fibres from a bundle and to perform numerous tests on fibres with very
small diameter. Second, the extraction of fibres from a bundle inevitably has “selected”
the stronger ones, since the weaker fibres are prone to damage and fracture in the process.
Third, it is difficult to determine the exact cross-sectional area of a single fibre.
Experiments based upon laser diffraction fringes have shown that the measured fibre
diameters vary along the fibre length due to fibre twist and non-circular fibre cross section

[70].

In the past Hill and Okoroafor [26, 28] have investigated Kevlar and glass fibre
bundles and shown that interfibre friction significantly reduces fibre bundle strength (ab)

and the corresponding failure strain (s5). These fibre bundles were characterised and
monitored by the use of a simple graphical (LST) method and by the use of Weibull

statistics, which defined the shape of the fibre-bundles stress-strain response.

Statistical analysis of the relationship between the strength of a bundle and the strength of

individual filaments is based on a number of assumptions:

141



MPhil Thesis (1997*: Chapter 6 Dimitrios.

¢ 2a)in a fibre, flaws of a range of severity either exists beforehand or are formed during
loading. Each defect is equivalent to a crack of'a given length.

¢ b) the strength ofa fibre is determined by the most severe crack.

¢ c¢) the relationship between the applied stress and strain of a single fibre follows
Hooke’s law up to fracture.

¢ d) the applied load is uniformly distributed among the surviving fibres at any instant
during the test and interactions between fibres such as friction and twisting are

neglected.
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6.4 The Weibull Distribution Function and AE Testing

Statistical techniques are often resorted to when dealing with material that exhibit
wide scatter of data. One such technique is the two parameter Weibull Cumulative
Distributionfunction. Based upon theoretical and empirical justifications, it has become a
popular model in engineering applications [29]. In chapter 4 the growth of damage in
composite materials have been described using a Weibull function since it provides an

adequate description of damage growth in the composite material.

From chapter 4, the following equation was considered:

Ns= NO @.7)

Where “NO” is the number of fibres in a bundle, tested for fracture strength, “Ns” is
the number of fibres that have been fractured at strain “s”, “m” is the Weibull shape

parameter and “e0” the scale parameter.

The Weibull equation is highly versatile and can be formulated to account for a
range of statistical processes. The use of this form of statistics in characterising composite
failure has been entirely empirical, with the aim of extracting two material related
parameters derived from AE data, which characterise and differentiate material conditions.
As in the case of composite materials described in section 4, here the Weibull equations
have been formulated in terms of AE events with specific ringdown count values. In order
to be able to fit a statistical distribution to the ringdown counts versus number of events, (a
bell shape distribution), a number of equations were modified. The initial step was the
transformation of the original Weibull equation to a new one which is able to describe the
total number of emitted events NO, the number of events at a RDC value Ni and of course

the corresponding shape and scale parameters.

In the present section, the distribution of AE events and ringdown counts obtained

during fibre bundle fracture could be described by the following equation:
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N - N /. f:(RDC 6.1)

i 0 v RDCo}-]J

Although equation (6.1) gave a good approximation to the right hand side of the
bell shape ringdown counts versus number of events distribution, the results were not really
considered to be successful. Because of that equation (6.1) was modified, in order to
provide a better fit to the right hand side of the distribution. It also proved to be especially
useful for the prediction of the number of events at the most frequently occurring value of

ringdown counts. Equation (6.1) was finally used in the form of:

nt

As before, the shape parameter m is important for determining the shape of
distribution of times to failure, the magnitude of size effect and the amount of scatter in the
data. A large value of m signifies a narrow distribution. It is obtained from the slopes of
the logarithmic Weibull plots produced in the form In In (No/Ni) versus In (RDC), derived
from the tensile stress-strain response and the AE event response. The intersection
between the straight line obtained from the corresponding plots and the Y axis is
represented by: pi = -m In (RDCO0). It should be noted that equation 6.1 cannot be
linearised, while equation 4.8 is of a form to only predict the shape of the right hand tail of

a distribution such as that shown in figure 6.1a (for example).

144



MPhil Thesis (1997*: Chapter 6 Dimitrios Kaloedes

6.5 Application of Weibull Statistics to Fibre Bundle Failure -

Results and Discussion.

The linearity of such Weibull plots and the high percentage of regression obtained
for the 200T E-glass and the 200C-carbon type of fibres, indicate that the Weibull
treatment is applicable as can be seen in figures 6.4 a, b and 6.5 a, b, respectively. From
equation (4.8) it is possible to obtain the values for the shape parameter m, and the

appropriate scale parameters.

Figures 6.4 a, b and 6.5 a, b show the logarithmic Weibull plots derived from the
tensile stress-strain and AE data for the two different types of fibres. From the
corresponding plots in the form of In In (NO'Ni) versus In (RDC), it is possible to derive the
values for m and RDCO. Figures 6.6 a, b, 6.7 a, b, show a comparison between the real data
derived from the tests and the predicted data obtained from the Weibull model using
equation (4,8) where the predicted number of events Nj is calculated for each RDC value.
It is noticeable that the predicted events are very close to the real data especially for the

most popular value of ringdown counts.

Table 6.2a shows the calculated values of shape m and scale parameters RDCO for
each ofthe 200T-glass and 200C-carbon tested samples. The results for m and RDCO show
some scatter, but it should not be forgotten that manufacturing flaws and handling
inconsistency can easily alter the results since the fibre bundles are extremely sensitive to
these effects. Table 6.2b includes the average values for the corresponding Weibull
parameters. The final column, shows the percentage of linear regression for the graph of In
In (NQN) and In (RDC). The comparison between the experimental data and the fitted
Weibull model, is presented numerically in table 6.3 for both the glass and carbon fibre
bundles. From table 6.3, it is important to note the average percentage of error between the

real and the predicted data. For the 200T glass fibres, the average percentage of error was

10.5%, while for the 200C carbon fibres it was 7%.

By comparing the two types of fibres, the m values identify differences between the

two fibre bundles. In the case where m appears to be larger, this indicates a narrower
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scatter of data and the fact that the bundle has a more uniform distribution of similar
defects and a lower coefficient of variation, as in the case of 200C~carbon fibres where
m 200c>m 200T- The variations in the Weibull parameters associated with interfibre friction
suggests that it induces some degree of co-operative failure reducing the bundle strength
which in the case of lubricated bundles is minimised [27, 29]. The AE method used has
the advantage that it will give the strength distribution of fibres whether or not the strength
fits a Weibull or any other analytical expression, and the analytical expression can be

employed for any fibre system, whether brittle, plastic, or with variable number of fibres.

All data reported in this section applies to lubricated fibre bundles. This type of
investigation offers the possibility of describing the failure of the fibre bundles using
Weibull statistics and the associate parameters. All the logarithmic Weibull plots derived
over the right hand entire ringdown count distribution showed good linearity, with the
Weibull parameter m obtained from the gradient of the corresponding plots. If a further
method of analysis is desired then, these graphs could be divided into low strain and high
strain regions. The same methods could then applied, in order to obtain the Weibull
parameters and be able to predict the number of events at a particular ringdown count
value. However, due to inherent instability in using In In plots for determining parameters,

particular methods should be used with care.
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¢ Table 6.2a
Weibull ringdown count distribution parameters for 200C E-glass and 200T-carbon fibre

bundles obtained from ringdown counts per AE event versus number of events together

with the percentage of regression derived from the logarithmic plots, for each of the

specimens.
Sgmme;oJ3fl
M m tji
200T - 1 glass 9.56 87.97 95.90
200T - 2 glass 8.43 88.58 91.90
200T - 3 glass 9.24 88.28 96.90
200T - 4 glass 3.79 71.75 95.10
200T - 5 glass 5.80 85.48 91.10
200C -1 carbon 13.20 80.34 81.10
200C - 2 carbon 9.89 73.50 96.90
200C - 3 carbon 4.21 70.23 91.10
200C -4 carbon 15.90 74.30 96.30
¢ Table 6.2h

Average values derived from table 6.2, for the shape and scale parameters for the

200T-glass and 200C-carbon fibre bundles.

SampieType Averag”jShape Average.Scale " —-— 5
Parameter m Parameter RDC, Regression
200T-glass 7.36 85.61 94.18
200C-carbon 10.8 74.60 91.35
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¢ Tahle 6.3
Comparison between the real and the predicted number of emitted events derived

during tensile testing for the 200T-glass and 200C-carbon fibre bundles.

Ringdown Counts Number of Events (Real) Number of Events
(Predicted)
85 86 85.17
90 66 50.45
95 17 21.74
100 4 5.8
105 2 0.8
Ringdown Counts Number of Events (Real) Number of Events
( Predicted )
85 60 54.80
90 25 35.40
95 20 18,30
100 3 6.90
105 3 1.70
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Ringdown Counts

85
90
95
100
105

Ringdown Counts

80
85
90
95
100
105
110

Number of Events (Reall

51
29
12

Number of Events (‘Real 1

57
41
23
14
9
9
5
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Number of Events
( Predicted )
105,30
64.50
29.70
9.00

Number of Events
( Predicted 1
51.90
39.00
27.70
18.65
11.80
7.00
3.80
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Ringdown Counts Number of Events Number of Events
(Real) ( Predicted )
35 3 - 6200
90 44 42.40
95 24 25.75
100 7 13.60
105 4 6.05
110 2 2.20
120 1 0.15

Specimen 20QC ~I carbon

Ringdown Counts Number of Events Number of Events
(Real) (Predicted)
75 272 224
80 53 130
85 8 40
90 2 3.8
95 1 -
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Ringdown Counts

70
75
80
85
90

Ringdown Counts

70
75
80
85
90
95
100
105

Number of Events
(Real)
241
140
22
7
1

Number of Events
(Real 1
287
290
108
30
18
19
10
7
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Number of Events
( Predicted 1
221.60
121.20
40.60
6.09
0.25

Number of Events
( Predicted 1
287
206
136.5
82.5
45.0
21.8
9.2
3.5
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Ringdown Counts

70
75
80
85

Number of Events
(Real)
710
299
8
1
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Number of Events
( Predicted 1
691
319
40
0.2
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4.440 4.480 in fROO

hin (N/M

0.(®-

=
=
=
=

1
T

4.440 4.480 4.520 4.560 4.600 4.640
In fRDCi

¢ Figure 6.4 a. b: Logarithmic Weibull plots in the form of In In (NON) vs In (RDC),
derived from the tensile testing of 200T E-glass fibre bundles.
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0.70 --

0.00 --

4.20 4.30 4.40 4.50 4.60 4.70

4.300 4.350 4.400 4.450 4.500

¢ Figure 6.5 a. b: Logarithmic Weibull plots in the form of In In (NON) vs In (RDC),
derived from the tensile testing of 200C carbon fibre bundles.
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6.6 Two Parameter Log - Normal Function

One of'the ways to indicate changes in the energy released during tensile testing of
glass and carbon fibre bundles, is when the distribution of ringdown counts versus number
ofevents is modified. This produces an asymmetric distribution which indirectly describes
the distribution of energy due to fibre fracture. In this section, a different statistical
distribution is used, -a two parameter log-normal function - in an attempt to describe the
distribution of acoustic emission parameters and specifically the ringdown counts versus
the number of events, statistically. In the previous section the use of a Weibull cumulative
distribution function was under consideration. Although this mathematical model was
used effectively, the method was only able to be fitted to the right hand tail ofthe ringdown
count versus number of events distributions. By right hand tail, the calculation was applied
from the most frequently occurring ringdown count value to the maximum ringdown count
value emitted during the tensile testing as can be seen from figures 6.1, 6.2 and 6.6, 6.7.
The use of the current method improves the accuracy of the prediction of the whole
distribution, and provides another option in modelling the behaviour of fibre bundles under

test.

The development of extreme value distributions proceeded to some extend outside
the mainstream of statistical distribution theory, with early developments considering
problems encountered in statistical inference. The extreme value theory is used to describe
an enormous variety of applications involving natural phenomena such as rainfall, floods,
wind gusts, air pollution and delicate mathematical results on point process and regularly

varying functions.

The two parameter log normal function is used when the fitting data may be positively or
negatively skewed. For the shape of AE data which was obtained throughout the
experimental work and especially for 19S3 and 200T fibre bundle testing using AE, a basic
probability density function can be applied in the form [59]:
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-(x-Z)/0
2
px(x) = & e exp -e (6 )
where 1f: £=0and 0= 1 the distribution of: Y=(x -£)/©,
takes the standard form of:
py (Y ) = exp -y - e (6.3)

The standard probability density function of equation (6.3) is shown in figures 6.8
and 6.9. It is obvious that the shape is very closely mimiced by a lognormal distribution
function. In order to characterise the statistical failure of mechanical system relevant to
this work, and the description of'the distribution of AE ringdown counts, the two parameter

log-normal function takes the final form of [60]:

f(y)dy = y-c-cr-yfeft exp-\\log(y)~<S8>2/c2-a dy (6.4)

Where: (6.4a)

Yf{H k-X)-0

and o* = (6.4b)
1 /i

Function f (y) is the probability that a number of events can fall between a
ringdown count boundary [RDCa, RDCb], of values + 5 Ringdown Counts . Factor Kk is
the maximum ringdown count value emitted for each ofthe distributions. Xi is each of'the
ringdown count values, y is the difference between the maximum ringdown count value

and a random RDC value, so that y = k-Xj and finally ¢ is just a scaling factor.
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¢ Figure 6.8 a: Schematic representation of the a typical “RDC (Xi) vs. No of Events”
distribution, showing the application of a two parameter log-normal distribution to the
present method. f(y) is the probability of “114” events falling between the ringdown
count values of “85 to 90”. k is the factor derived from RDC + 1= 105+1 = 106 or
alternatively RDC + 5 = 105+5 = 110.

The first step in using the log-normal distribution was the calculation of 0 and a’
from equations (6.4 a) and (6.4 b). This was done by including all the values for the
ringdown counts Xi and the associated total number of events for every sample in the
corresponding series. Then from the main equation (6.4) it was possible to calculate the
value for the two parameter log-normal function f(y) for each RDC value. This calculation
could be carried-out for each of the ringdown count values in order to estimate the
predicted number of events in this range. However, it was carried out to determine for the
propability of the most frequent occurring ringdown count value as has been demonstrated
in the sixth column of tables 6.4a and 6.5a denoted as f (RDC)P predicted. It is important

at this point to mention the role of'k in the estimation of all the significant parameters 0, a
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and f(y). The values of k which are selected are either maximum ringdown count value

plus one (RDCnax+ 1), or the maximum RDC value plus five (RDC maxt+ 5).

However, as can be seen this method using equations (6.4) to (6.4b) is
cumbersome. A more reliable and a faster approach to the problem was required and
therefore a “Matlab” program was designed. This program is included in appendix 1
together with a detailed explanation. At this stage the two parameter log-normal function
results denoted as f (RDC)Pneeded to be compared with the propability of the number of
events emitted at the most frequently occurring ringdown count value denoted as f (RDC)R
for the two types of glass fibre bundles. There are two different ways in which this
comparison could be estimated. A typical example demonstrates each of the two possible

ways of comparison.

From the real data the maximum value of f(y) is detemined using the following

equation (6.5) which is in the form of:

max f(RDC)R=max"f/ sumf *5) @S

where:

f: is the number of events at the most frequent occurring ringdown count

value.
sum f: is the total number of events for the whole distribution curve.
For example for the first fibre sample 19S3-1G, at the most frequent occurring

RDC value of 90, the total number of events emitted is 114 at this RDC value, and the total

number in the distribution curve is 548. From equation (6.5) this is:

max f (RDC)R=114/548 5 = 0.0416

By comparing max f (RDC)R which is 0.0416 to the f (RDC)P predicted which is
0.0346 and when k = RDCmax + 1, the fit is 83.17%. This data is evident in table 6.4 a.
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The number of events predicted (E) between an interval of [RDCa RDCb], could be

given by the following equation:

RDCbH

E ted ~N (6.
; exp RDCa ecte (6.6)

Where “N” is the total number of events.
For example for the same fibre bundle and for k = RDCnax + 1 equation (6.6) is on

the form of:

E~ = 548W).0346-5=94.8 » 95events

This value of the predicted number of events which is 95 is compared to the real

number of events which is 114 and gives a 83.17 % fit.

Tables 6.4a, b and 6.5a, b include the full analysis of AE data for the 19S3 and
200T glass fibre bundles, with this data corresponding only to the prediction of the
probability of the number of events at the most frequently occurring ringdown count value.
Also, figures 6.10a, b and 6.11a, b show typical examples of the total description of the
corresponding distributions. It can be seen that, in general, the model of the predicted
number of events proved to be accurate and close to the real data. In the case of 19S3-G
glass fibre bundles the predicted number of events reached a 100% agreement in one case,
while for the 200T-G glass fibres the predicted results reached a maximum agreement of

87% in one case.

Table 6.4 b shows the corresponding average values for the predicted maximum
event probability. By comparing the corresponding results of the estimated values for the
two k values, k = RDCna + 1 and k = RDCnax + 5, it is obvious that the latter option
proved to be more appropriate and in closer agreement to the actual data. The predicted
average value, for the 19S3-G glass fibres and k = RDCnax + 1, was 0.0364, and achieved
an 87.4% agreement to the real average value of 0.417, at the most frequently occurring

ringdown count value. The accuracy ofthe calculation was increased for the k = RDCnax +
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5 and giving an average value 0f0.371 with a 89% agreement as can be seen from table 6.4

b and figures 6.10 a and b.

Similarly, table 6.5b describes the predicted average values of the maximum event
probability for the 200T-g glass fibre bundles. The same pattern appears for the k values.
For k = RDCnax + 1the average predicted value was 0.0436 in comparison to the real value
of 0.0628. This gives an 69.43% agreement between the two values. However, as k
increases the predicted results are relatively closer to the real results. As can be seen from
table 6.5b for k = RDCnax+ 5 the average value increases to 0.0456 and for 72.61 % and
k = RDCnax+ 10 to 0.0462 and 73.7%. Generally, in both cases and for the prediction of
the ringdown count distributions for the 19S3-glass and 200T-glass fibre bundles, it was
clear that by increasing the k value from RDCnax + 1 to RDCnax + 5, the predicted
distribution fitted closer to the real distribution derived from the AE data (see figure 6.11 a,
b).

In the case of 200T glass fibres the percentage accuracy in the prediction of the
maximum event probability has dropped by 15% on average in comparison to the 1953
bundles, where the approximation proved to be more accurate. A big factor in this change
is that, for 200T fibre bundles, the ringdown counts distribution is narrower. The narrower
distribution could indicate that the 200T fibre bundle has a much more tightly defined fibre

strength with fewer interfibre interactions/friction as AE events during fibre bundle testing.

In conclusion, the fibre system can be characterised using an alternative two
parameter log-normal distribution function. The relationship obtained between the
predicted and the real number of events at particular ringdown count values showed
relatively good agreement in most of the cases for both types of glass fibre bundles
considered. This statistical approach proved to be a useful tool and provided a quick and

reliable mean of characterising material condition using the log-normal function.
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¢ Table 6.4 a

Estimation of the parameters “k”, “0 > and “a”, together with the comparison of the
experimental to the fitted data for the 19S3-glass fibre bundle and for the most frequent

occurring ringdown counts.

Specimen 44 W 44 (13 0 (13 [13 g (13 f(R]>QR f(RDC)p
number Real Predicted Ratio %
19S3-1 G 106 3.164 0.569 0,0416 0,0346 83.17
110 3.341 0.455 0,0338 81.25
19S3-2 G 116 3.390 0.413 0,0412 0,0354 85.92
120 3.353 0.346 0,0360 87.37
19S3-3 G 101 3.182 0.586 0,0342 0,0333 97.36
105 3.362 0.442 0,0341 99.70
110 3.535 0.363 0,0342 100.0
19S3-4 G 106 3.209 0.4495 0,0453 0.0395 87.19
110 3.372 0.371 0,0395 87.19
19S3-5 G 106 3.083 0.507 0,0394 0.0407 96.80
110 3.270 0.405 0.0391 99.23
19S3-6 G 111 3.467 0.470 0,0302 0,0295 97.68
115 3.598 0.383 0,0304 99.34
19S3-7 G 111 3.148 0.440 0,0602 0,0420 67.74

115 3.322 0.322 0,0470 75.80
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¢ Table 6.4 b

Estimation of the average values of the predicted number of events for k = RDCnax + 1 and

k = RDCnax + 5 for the 19S3-g glass fibre bundles.

----- Amsgfi . Amm o/ fp
r<R»oB fCROQ¢S
19S3-glass RDCniJ + 1 0.0417 0.0364 87.4
19S3-glass RDCmx + 5 QO & 0.0371 m 890
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¢ Table 6.5 a
Estimation of the parameters “k”, “0” and “a”, together with the comparison of the

experimental to the fitted data for the 200T-glass fibre bundle and for the most frequent

occurring ringdown counts.

Two Parameter los-normal function / Glass Fibres

Soecimen §8Mp ] ilipiiil  fo/fe
JUHBM T aSwr Emijted 1111111
200T-1 G 106 3.018 0.415 0.061 0.050 82.62
110 3.211 0299 m i 0.053 87.21
200T-2 G 106 3.050 0.513 0.056 0.042 74.02
110 3.247 0.353 0.045 79.50
120 3.588 0.231 0.048 86.22
200T-3 G 106 2.996 0.513 0.070 0.049 70.65
110 3.195 0.323 0.051 72.65
120 3.549 0.213 0.053 75.92
200T-4 G 111 3.142 0.669 0.057 0.032 55.85
115 3.340 0.449 0.032 55.85
120 3.519 0.348 0.036 63.00
200T-5 G 121 3.658 0.231 0.070 0.045 64.21
125 3.759 0.199 0.047 66.47

130 3.872 0.172 0.048 67.75
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¢ Table 65b

Estimation of the average values of the predicted number of events and for kl, k2, k3, for

the 200T-glass fibre bundle.

Satnnie Tvne Average Average
m m j umm:t
Real FretfkiIM
200T-glass RDCnmx+ 1 0.0628 0.0436 69.50
200T-glass RDCnx + 5 0.0456 72.60
. W M B MBW
200T-glass RDCnmx + 10 0.0462 73.70
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¢ Figure 6.9: Tvpical example of a probability density function in an assvmetric form
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Real vs Predicted Distributions
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¢ Figure 6.10 a: Two parameter log-normal function plots for 19S3 E-glass fibre
bundles. Example a) shows a theoretical prediction (—) using RDC + 1=K = 116 and
RDC + 5 =K =120.
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Real vs Predicted Distributions
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¢ Figure 6.10 b: Two parameter log-normal function plots for 19S3 E-glass fibre
bundles. Example a) shows a theoretical prediction (—) using RDC + 1=K = 106 and
RDC + 5=K = 110.
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Real vs Predicted Distributions
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¢ Figure 6.11 a: Two parameter log-normal function plots for 200T E-glass fibre
bundles. Example a) shows a theoretical prediction (—) using RDC + 1=K = 106,

RDC + 5=K =110 and RDC + 15= K =120.
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Real vs Predicted Distributions
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¢ Figure 6.11 a..
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Real vs Predicted Distributions
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¢ Figure 6.11 b: Two parameter log-normal function plots for 200T E-glass fibre
bundles. Example a) shows a theoretical prediction (—) using RDC + 1=K = 106,
RDC + 5=K = 110 and RDC + 15 =K =120.
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Real vs Predicted Distributions
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6.7. The Quantile Distribution Function

In the previous two sections, two techniques have been considered for the
characterisation of fibre bundles through the corresponding ringdown counts versus
number of events distributions. At first by the means of a two parameter Weibull
cumulative distribution function, it was possible to fit/predict accurately the right hand side
of the asymmetric distributions, as shown in figures 6.6 and 6.7. The second method
offered the possibility of improving the accuracy of the prediction by characterising the
whole distribution of ringdown counts, as can be seen in figures 6.10 and 6.11. Now a
third statistical technique will be examined which has to be resorted to when dealing with

materials that exhibit wide scatter of data. This technique is called ‘Quantile distribution

function’.

As it has been mentioned earlier, statistical techniques are often useful when trying
to explain behaviour in materials that exhibit wide scatter in test data. The main purpose of

using the statistical models described in this section can be conveniently summarised as

follows:

I. Description - The use ofthe model to display important features in the data.

II. Exploration - The use ofthe model and other techniques to investigate the behaviour of

the data.

IILPrediction - the use of the model to ask very specific ‘what if ?” questions, particularly
in relation to experimental conditions that have not been observed.

IV.Decision - Enabling the user to take more informed decisions.

The well known cumiilative distribution function (cdf) is defined by the probability

distribution function of [60]:

p =F(x)—prob aX <x) (&7

The quantile distribution function (qdf) is its inverse given by:

* = F (pr)= (68>
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The derivative of F(x) is f(x), the probability density function and the derivative of

Q(p) 1s q(p), the quantile density function. The relation between these functions is:

The quantile distribution function offers a simple approach to many aspects of
statistical theory, it provides a natural tool for the construction and choice of statistical
models to fit data. It can be shown that quantile distributions can be added [60] resulting
in another quantile distribution. This means that it is possible to combine left and right
tails of distributions to make a new distribution which is asymmetric as can be shown from

figures 6.12a and b. For example, the qdf of the exponential distribution f(x) = ae'ax(x>

0)is: * =-1°¢e0~ . This is a right tail form (Qp) say. The corresponding left tail
P a

form can be found from -Q(l-p) and these can be added to get a two tailed symmetric
distributions. If it is assumed without loss of generality that a=I, then a two tailed logistic

distribution will be obtained, of the form of:

Qi (P)=logp - log(l - p)= (6.10)

The flexibility afforded by quantile distribution function theory, means that it is

possible to create a skew logistic quantile distribution function in the form of:

XP=02%p) ="+"I+S) *{-lo"l-p))+{l-8) *k"p”" (6.ii)

Where : “ X “: Controls the position of the distribution.

(13

1] “: Control the scale-spread.

(13

8 ““: Control the skewness.

This is called generalised lambda distribution. It is possible with the use of the

model described by the equation (6.11) to estimate a broad range of models that can
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approximate the distribution of data obtained for the 19S3-E-glass and 200C-carbon fibre

bundles, distributions which are described in section 6.2 and the corresponding figures 6.1

and 6.3.

6.7.1. Model Estimation

The data obtained from the experimental investigation of glass and carbon fibre
bundles is discrete, whereas the model described by the equation (6.11) is appropriate for
continuous data. By using the skew logistic it is possible to approximate the discrete data
obtained for 19S3-glass and 200C-carbon fibres. The method used evaluates the
parameters in (6.11) is non linear and has been employed using the non-linear routine

provided by Microsoft Excel Version 5.

The first step is to order the observations in increasing order of magnitude. Thus in

the form of:

() = Q{(p)=)) (6-12)

where X() is the rth ordered ringdown count value, Q(p) is the QDF of X and P(@) is a
mathematical function ofr, n and p. In this case, 1, is the number of events at a ringdown

counts, X and n is the total number of events.

Appendix 2 shows the method of solution in more detail and a number of examples
are given. An initial estimation of X r|, 5 is required to enable the non linear procedure to

be applied. The equations which are used for this purpose are applied for both the left and
right tails of'the QDF.

Equation (6.12) describes the distribution of any ordered observation and this fact
has been utilised in order to obtain the initial estimates of the corresponding parameters X,
g, and 5, in equation (6.11). The median or middle value, of the distribution can be found
by putting p=0.5 in a QFD. This result holds for all reasonably behaved continuous

distributions. Similarly the upper and lower quantiles and the interquantile range can be
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used to obtain initial estimates ofthe parameters. The trick is to equate model values, with

those observed in the data. Set IQR denotes the interquantile range, D the quantile
difference and M the median. Appendix 3 describes a number of equations used for the
estimation of median, M, upper quantile, UQ, lower quantile, LQ, IQR, quantile difference
and Galtons skewness. Then from equation (6.11) and after some algebra, it can be shown

that, the quantile distribution function parameters can be obtained as:

(6.14)

= Md (D dala/ D ) (6.15)

where the subscript data corresponds to the values observed from the data observed

through the tensile testing ofthe corresponding fibre bundles.

The non-linear solver in Microsoft Excel is used to minimise

5 =x|(* (0)~ Mcol %19
Where M(r) are the so-called median Rankit obtainable from equation (6.10) and

initial values are provided by equations (6.13), (6.14) and (6.15).

Table 6.6 includes the final estimates for A, q and 8 together with the average error and the
error at most and the second most frequently occurring ringdown count, in relation to the
number of events. Also as is mentioned earlier, appendix 2 gives a number of examples

describing the results obtained by using the quantile distribution function.
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¢ Table 6.6

Estimation of Lambda (A), Eta (r|) and Delta (8) for 19S3 E-glass and 200T carbon
fibres, together with calculation of the average error and error at the most frequently

occurring (MFO) and second most frequently (SMFO) occurring ringdown count value.

Soe/en Lambda « Eta : Delta Average Error# it
iNumber in njtn ¢ 0¥ t1$rrar % MXCRDC ~ SMFO
%
19S3-1g 83.02 14.89 -0.53 1.63 2.76 1.27
19S83-2¢g 87.73 14.16 -0.45 1.39 0.246 0.29
19S3-3¢g 77.39 14.23 -0.44 1.28 3.28 1.75
19S3-4g 83.68 14.02 -0.58 1.59 0.48 0.004
19S3-5¢g 83.78 6.40 -0.85 0.95 0.69 0.008
1983-7¢g 84.35 8.35 -0.012  0.84 0.90 8.7*10°
200T-Ic 72.49 8.24 -0.25 1.86 0.03 3.73
200T-2c 69.80 17.75 -0.49 6.45 6.76 9.8M04
200T-3c¢ 70.89 12.61 -0.09 1.92 2.45%10"5 3.46
200T-4c 70.11 10.87 -0.72 5.98 2.46 0.38

200T-5¢ 62.92 15.62 -0.49 3.76 0.58 2.54
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6.7.2 Prediction

The discrete nature of the data means that the smooth curve implied by the model
(6.11), will be sub-optimal in general to describe the AE distribution data. Figures 6.12a
and 6.12b show how the left and right tails of a distribution may need different treatment in

order that smooth curve can well approximate the data in that region.

¢ Figure 6.12a: Schematical representation of a left tail distribution.

¢ Figure 6.12b: Schematic representation of a right tail distribution.
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By obtaining the data which correspond to the corresponding fibre bundles, it is

clear that, the left tail has a much shallower slope than the right, reflecting the asymmetric
nature ofthe data. Suppose that it is required to predict P(X =x}), for example. This value
is given approximately by the area under the probability density function between L/ and
L2. For the localised region of the left tail it may well be that (L2 - =(L4-L3)=(L6-
L5 so that the area of approximation will be the same for xb x2, x3. However, in the right
tail P(X =x4) will be given approximately by the area rj and r2 under the smooth curve, but
(r2-r!) will not be the same as (L2-Lj)- In predicting P(X = x1)can be obtained by: (area up

to L2 - area up to 1*). These will be PLI and P12 as for example:

(it (- B+ (2-(j) l0gpu (6.172)

and

L2=X+71r @+ (- log(l- tt)) + (- logpl2 (6.17b)

Each of these equations is non-linear in PL1 and PI2. A MATLAB programme was
written to solve these equations. Appendix 4 describes the programme used. For the set of
data which corresponds and characterises the two types of fibre bundles, it is important to
decide the values of Lb L2 in the left tail and rb r2 in the right tail. The values which were
chosen by comparing the observed proportion of counts with a range of proportions
(estimated probabilities) obtained by solving equations of the form (6.17a, b). Table 6.7
summarises the corresponding results for just a couple of the 19S3-glass fibre bundles

samples.
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¢ Table 6.7:
Comparison between the predicted probability model and the real (experimental)

probability data for 19S3-glass fibre bundles.

IINBIBB amim m S fin
19S3-g2 40 0.004 +0.5 0.004 90.90
624 events 50 0.016 +1 0.014 83.21

60 0.024 +1 0.021 85.41
70 0.043 +1.5 0.043 100.0
80 0.142 +4 0.143 99.60
920 0.169 +5 0.177 95.75
100 0.083 +3.5 0.087 94.95
19S3-g4 50 0.017 +1 0.017 98.30
562 events 60 0.017 +0.5 0.013 70.05
70 0.064 +2 0.066 95.78
80 0.225 +6 0.231 97.02
920 0.145 +4.5 0.144 99.30

100 0.0012 +1 0.014 84.70
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6.7.3. Conclusions

In this section a relatively new technique was used, “the quantile distribution
function”, to approximate the observed distribution of ringdown counts in relation to the
number of events emitted during tensile testing of 19S3-glass and 200C-carbon fibre
bundles. The method enabled the asymmetric behaviour of the data to be modelled. The
estimated skew logistic distribution enabled predictions to be made of ringdown counts in
areas when no experimental data could be collected. It was found that a good
approximation to observed behaviour could be achieved by allowing the intervals of
approximations to change, reflecting the asymmetry and extreme peakedness ofthe data. It
is therefore possible to characterise fibre bundles, such as glass and carbon, during tensile

testing and predict the corresponding distributions accurately.
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6.8 Conclusions from the Statistical Analysis of Fibre Bundles

This chapter has considered the characterisation of glass and carbon fibre bundles
with the use of the statistical distribution of AE data. The distribution of ringdown counts
versus the number of events emitted, during tensile testing, were examined and analysed
using Weibull statistics, the two parameter log-normal function, and the quantile

distribution function.

Weibull statistics were applied to AE data derived from the corresponding
ringdown count distributions. The method was applied successfully to the tail of the
asymmetric distributions. By using the modified two parameter Weibull function, it was
possible to predict the number of events from the most frequently occurring ringdown
count value to the maximum ringdown count value. Values for the shape parameter, m and
scale parameter RDCO0 were obtained. The results for the 200T-glass fibre bundles were m
= 7.36 and RDC0 = 85.61, and for the 200C-carbon fibres, m = 10.8 and RDC0 = 74.60.
This gives a clear indication of the narrower ringdown count distributions for the 200-C
type of fibres. Also it has been shown that for 200C-carbon fibres, that a more uniform
distribution of similar defects was present. Finally, the value of RDCO0 gives an accurate
indication of the position of each distribution for each type of fibre bundles. This offers
the possibility of predicting the ringdown count distribution relative to the AE events and

therefore obtain a measure of the properties of the tested fibre bundle systems.

Weibull statistics were able to fit the right hand side of the ringdown count
distributions.  An additional technique was also investigated and this was the two
parameter logarithmic- normal function (equation 6.4). The advantage of this approach
was the ability to predict the whole asymmetric distribution rather than the right tail as
before. This statistical approach proved to be reliable in predicting the number of events
for the 19S3-glass and 200T-glass fibre bundles. Results show that on average a 88% and

a 70 % agreement was achieved between the real to the predicted (fitted), data respectively.
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Finally, with the use of a skew logistic quantile function and specifically the
generalised lambda distribution function, it was possible to improve the fit of the ringdown

count distributions. The skew logistic distribution function was in the form o f:
xp=Qi(p) ="+il\(l+ s§-log(l p))+{l- <  pjl, where
position of the distribution, n controls the scale spread and 8 controls the skewness.

Typical information given in table 6.7, demonstrated 91%-92% agreement between the real

and the predicted ringdown count distributions.
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7.1. OVERALL CONCLUSIONS AND FUTURE WORK.

7.1.1. Testing of Transverse E-glass and Kevlar-49 Reinforced Composite Materials

Using Acoustic Emission.

In the work carried-out and reported in this thesis, it has been shown that acoustic
emission can be used as a convenient means of determining the fracture characteristics of
both transverse composites and fibre bundles under tensile testing. AE events were
detected and distinguished from each other by either the peak amplitude or ringdown

counts, combined with stress-strain data recorded simultaneously.

AE monitoring of E-glass and Kevlar-49 transverse fibre reinforced composite
materials under tension has enabled the level of adhesion and the strength ofthe fibre-resin
bond to be determined. This was done for two different E-glass fiber composite systems,
cured for seven days at room temperature and post-cured for two hours at 80 °C inside an
oven. Experimental results show that the fracture stress for the post-cured samples was
significantly higher and a ‘noisy-then-quiet’ pattern of AE events was recorded, in contrast
to a ‘quiet-then-noisy’ pattern for the cured samples, indicating better adhesion
characteristics between matrix and fibre bundle. Also, it was clear that many more severe
events were emitted during the low levels of stress-strain curve and higher ringdown

counts values were obtained in comparison to the cured samples.

The procedure also provided evidence on the Kevlar-49 resin composite system.
Post-cured Kevlar-49 samples exhibited a better level of adhesion than the cured samples.
It is also shown that ultrasonic treatment on fibre bundles prior to testing significantly
reduced the level of adhesion and interfacial failure stress. Generally, when either, the
composite treatment or the fibre system is modified the AE characteristics of the modified
system reflect this change'together with corresponding, changes in the stress-strain

response.

Weibull statistics have been adapted to characterise the amplitude and ringdown
count distribution of E-glass composite AE events, by using the associated scale and shape
parameters m, RDCO0 or AMP(O. Weibull parameters extracted from the ringdown count

distributions for cured and post-cured samples suggest a tightening of the AE ringdown
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count distribution when the sample is post-cured coupled to higher RDC values suggesting

a more energetic AE source associated with the more brittle resin phase. Also, they gave
accurate information on the most frequently occurring ringdown count value expected and
were a useful statistical tool on the prediction of the ringdown count distributions.
Generally, it can be said that AE data combined with Weibull statistics provides simple
parameters relating AE to changing material condition and can be used for routine
evaluation of the level of adhesion and providing monitoring of degradation at the resin-

fibre interface.

7.1.2. Testing of E-glass and carbon fibre bundles using AE.

Work has been carried-out determining the strength distributions of E-glass and
carbon fibres in a bundle under tension. The three different types of fibre bundles were
coated in silicone oil in order to reduce the interfibre interactions and friction and
consequently give a set of data which relates more closely to fibre fracture. Fibre break AE
events were easily detected and distinguished from other AE events by their relative
ringdown count values and it was also possible to monitor the time of AE event

occurrence.

The resulting ringdown counts distributions were examined and analysed by the
methods of Weibull statistics, two parameter log-normal function and quantile distribution
functions. Initially, by using a modified version of the two parameter Weibull cumulative
function, it was possible to characterise the fibre systems from the associated Weibull
parameters and predict the shape of the corresponding distributions. However, the two
later methods improved the accuracy of the fitted ringdown count distribution relative to

the real ringdown count distribution and in some cases a 100 % agreement was achieved.

The AE bundle testing technique developed in this work provides a quick,
convenient and apparently reliable means of determining the fracture stress and
corresponding ringdown count distributions of E-glass and carbon fibre bundles while
avoiding many problems associated with the measurements on single fibres. Also, the
number of composite materials and their application worldwide increases, so does the

challenge of controlling their performance characteristics. It is possible that the technique
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investigated in this thesis could be used to characterise a variety of fibre bundles and

composite systems and offers the possibility of improved material quality control.

7.1.3. Future Work.

One of the main section of the present thesis was the testing of post-cured E-glass
and Kevlar-49 fibre reinforced composite materials inside a conventional electric oven at
80 °C. An alternative method which is possible to use is ‘Microwave heating in the
manufacture of composites’[73]. Microwave heating, offers inside-out, rapid and uniform
heating by interaction of the material with a high frequency (2450 MHz) electromagnetic
field. It is important that with this method, power dissipated and temperature rise in the

material is uniform achieving a volumetric heating ofthe composite system.

Heat transfer considerations show that microwave heating is increasingly more
efficient than conduction as the material thickness increases, and the thermal conductivity
decreases. This happens particularly when the temperature difference between the surface
and core of the material is not great. Microwave heating is therefore ideal for most
composites. Also low cost of the generator and low pulling forces arising from the use of
short dies, makes the process extremely attractive, especially for manufacture of simple but
large profiles. Finally, shear strength increase by 10-20 % in comparison to the

conventional means and fully crosslinked reaction process can be achieved.

Finally, it is worth mentioning the possibility of extending the statistical methods of
the two parameter log-normal function and quantile distribution function to composite
materials. This could also be combined with testing in different environments where
composites are applied in acid/alkaline environments where glass fibres have recently been

developed especially with enhanced corrosion resistance.
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APPENDIX 1.

Matlab program designed for the solution of equations 6.4 to 6.4 b. Necessary

explanation points are given.
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FUNCTION PHYS3 HO

1. % Examples: for K=105:110, k, phys3(K); pause; end;
2. % phys3(110);

3.f=[13654677 1123 1523 27 52 53 6491 114 53 12 3];
4. x-[5:5:110];

5. length ()
6. length (x)

7. f=1(8:21);
8. x=x (8:21);

9. sumf= sum (f);

10. plot (x, f/(5*sumf));

11. hold on;

12. plot (x, f/(5*sumf), ‘yx’);

13. c=1;

14. t=sum (f. * log (K-x)) / sumf

15. s = sqrt (sum (f. * (log(K-x)-t A2)/sumf).
16. y = K-x;

17.z=exp (-0.5 * (log (y) - ). A2/ (s *s *c *¢)). / (y *s *c *sqrt 2 *n) ;

18. maxy = max (f/ (5 *sumf)).

19. maxz = max (z).

20. plot (x, z, ‘c—2);
21. hold off;
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Analysis of the Program

L. Perform the following operation/procedure for K=105 to K=110 and show the
results for every step taken.

2. Name of'the file/program.

3. ‘f indicates the number of events foreach ringdown count value.

4. x* indicates the steps which should be taken, up to maximum ringdown count
value of each distribution - in this example, steps are taken from ‘5 -110°.

5. Show the length of T function.

6. Show the length of ‘x’ function.

7. 8. Calculate and control the distribution from the 8th to the last RDC value and for
step number 3. Fit the predicted to the real distribution.

0. Calculate the total number of events.

10. Plot RDC (x) versus the number of events (y) - but scale at the same time the Y
axis, by dividing it by (Total number of events * 5).

11.  Plot the ‘real versus the predicted data’ at the same X-Y axis.

12. Plot data.

13-15. Equations for the calculation of 9 (theta) and cr (sigma).

16.  Call y = K-x - Chosen constant minus RDC value.

17.  Basic density function ‘f(y)\

18.  Show the maximum for the real events.

19.  Show the maximum for the predicted events.

20. Plot real and predicted distributions.

21.  End of the program!
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APPENDIX 2.

Examples of Skew Logistic Function and mainly equation 6.11.
Typical examples are given for a number of 19S3-glass fibre bundles and 200C

carbon fibre bundles.
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¢ Initial Estimation of Parameters Xx. rj. 5.

Fittinq bv the Method of Percentiles

40
45
50
55
60
65
70
75
80
85
920
95
100
105
110

1
17
20
19
22
105
287
290
108
30
18
19
10

Model
Parameters
Position I
Scale n
jSkewnes d
n=
r/(n+1) in(p)
0.011399 -4.47423
0.029016 -3.53992
0.049741 -3.00093
0.06943 -2.66744
0.092228 -2.38349
0.201036 -1.60427
0.498446 -0.69626
0.798964 -0.22444
0.910881 -0.09334
0.941969 -0.05978
0.960622 -0.04017
0.980311 -0.01989
0.990674 -0.00937
0.997927 -0.00207
0.998964 -0.00104

Dimitrios Kaloedes

"x=lambda+(neta/2)* ((1+del)RE+(1-del)LE

Estimated 1LQ
70 Median
7.247268 UQ
0 IQR
965 D
GSk
»_In(1-p) .
0.011464
0.029445 [

0.051021 i

0.071958 |

0.096762 .. !
0.22444

0.690043
1.60427!

2.417781] '

2.846776
3.234542
3.927689
4.674904
6.178981
6.872128

194

LE

-0.91435
-0.69626
-0.15889
0.755463
0.319275
0.422622

RE
0.457241
0.690043
1.147157
0.689915
0.224312
0.325129

i
I

Data
67.5
70
72.5
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¢ Final Estimation of tha Required Parameters.

Fittina bv Least Absolute values

40
45
50
55
60
65
70
75
80
85
920
95
100
105
110

1
17
20
19
22
105
287
290
108
30
18
19

[ |

Model

Parameters

Position 1

Scale n

Skewnes d

n=

r/(n+1) In(p)
0.011399 -4.47423
0.029016 -3.53992
0.049741 -3.00093

0.06943 -2.66744

0.092228 -2.38349
0.201036 -1.60427
0.498446 -0.69626
0.798964 -0.22444
0.910881 -0.09334
0.941969 -0.05978
0.960622 -0.04017
0.980311 -0.01989
0.990674 -0.00937
0.997927 -0.00207
0.998964 -0.00104

"x=lambda+(neta/2)* ((1+del)RE+(1-del)LE

Estimated
70.88959
12.61121
-0.09728
965 sumabse 28.75873
?-In(1-p)  Q(P) Error ABSerror r
0.011464 39.9976 0.002397 0.002397 1
0.029445 46.56444 -1.56444 1.564443 17
0.051021 50.41658 -0.41658 0.416577 20
0.071958 52.84319 2.156813 2.156813 19
0.096762 54.94898 5.051015 5.051015 22
.0.22444 61.06719 3.932807 3.932807 105
0.690043 70.00002 -2.5E-05 2.45E-05 287
1.60427 78.46853 -3.46853 3.468525 290
2.417781 84.00625 -4.00625 4.006255 108
2.846776 86.68039 -1.68039 1.680389 30
3.234542  89.0233 0.976698 0.976698 18
3.927689) 93.10922 1.890781 1.890781 19
4.674904 97.43527 2.564727 2.564727 10
6.178981 106.0473 -1.04727 1.04727 7
6.872128 110 1.21E-05 1.21E-05 1

28.75873
8
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RGCounts-No of Events [REAL]

300

250

200 -

150

N oo C onS

100

50

40 45 50 55 60 65 70 75 80

RGCounts

8 90 95 100 105 110

RGCounts-No of Events [PREDICTED]

300

250

200

150 -

Moo = gps

100

40 46.6 504 52.8 549 61.1 70 785 &4

RGCounts

RGCounts-Error (%)

40 45 50 55 60 65 70 75 80

RGCounts

196

86.7 89 931 97.4 106

8 90 95 100 105
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¢ Initial Estimation of Parameters A, n. 5.

Fitting by the method of Percentiles

r
50
55
60
65
70
75;
80!
o=
901
95i

Model "x=lambda+(neta/2)*{(1+del)RE+(1-del)LE
Parameters LE RE data
Estimate 1Q -1.49334 0.350955 67.5
Position lambda 70 Median -0.82053 0.580175 70
Scale neta 4.752549 UQ -0.46739 1.403022 72.5
Skewnes delta 0 IQR 1.025946 1.052067 5
n= 602 D -0.31968 0.593629 0
GSk -0.31159  0.56425 0
r/(n+1) In(p) ”-In(1-p)
8 0.013289 -4.32082 0.013378
12 0.033223 -3.40453 0.033787
21 0.068106 -2.68669 ~0.070537
28 0.114618 -2.16615 0.121736
196 0.440199 -0.82053 0.5801751
272 0.892027 -0.11426 2.225871
53 0.980066 -0.02013 3.9153511 !
8 0.993355 -0.00667 5.013963! i
’ 2] 0.996678 -0.00333 5.70711; !
1j 0.998339 -0.00166 6.400257.
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¢ Final Estimation of the Required Parameters,

Fitting by Least Absolute values

............

50
55
60
65
70
75
80
85
90
95

12
21
28
196
272
53

Model
Parameters
Position lambda
Scale neta
Skewnes delta

n=
r/(n+1) In(p)
0.013289 -4.32082
0.033223 -3.40453
0.068106 -2.68669
0.114618 -2.16615
0.440199 -0.82053
0.892027 -0.11426
0.980066 -0.02013
0.993355 -0.00667
0.996678 -0.00333
0.998339 -0.00166

"x=iambda-+(neta/2)*{( 1+del)RE+(1-del)LE

Estimated
72.4978
8.242215

-0.25511
602

"-In(1-p)  Q(p)

0.013378
0.033787
0.070537
0.121736
0.580175

2.22587
3.915351
5.013963

5.70711
6.400257

50.18961
54.99174
58.81755
61.66717
70.03465
78.73967
84.41281
87.85494
90
92.1364

error

-0.18961
0.008261
1.182449
3.332834
-0.03465
-3.73967
-4.41281
-2.85494
1.08E-06
2.863598

sumABSE 18.61881

ABSerror .

0.189608
0.008261
1.182449
3.332834
0.034646
3.739669
4.412809
2.854939
1.08E-06
2.863598

18.61881|
I

12
21
28
196
272
53

- N OO
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RGCounts-No of Events [REAL]
300
250 -

200 --

<]
SN

150-
100

50

50 55 60 65 70 75 80 85 90 95
RGCounts

RGecounts-No of Events [PREDICTED]

300

250 --
g 200 -
150 -
100
50

No oFe.

50.19 54.99 58.82 61.67 70.03 78.74 84.41 87.85 90 92.14
RGCounts

RGCounts-Error (%)

50 55 60 65 70 75 80 85 90 95
RGCounts

199

Dimitrios Kaloedes
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APPENDIX 3 ~

Equations describing parameters which lead to the calculation of X, »| and 5.

The search of the Median or middle value, of the distribution can be found by
putting p=0.5 in order to give the Median Rankit of M(r) = Q(P®),M). This result holds
for all reasonably behaved continuous distributions and the values of the Median Rankit
are together easily obtained through the following set of equations which describe the rest

of'the variables too.

Median =M =/1+["/) «2¥8 « 2MR=X+1/*8 « M (a)
Upper m Quantile= UQ=A+[J. ] *JH (i-+JH (b)
LowerwQuantile =LQ =1+[% ]*|(/+)Hj -(i-Jp X (<0
IOR = {y2)[(7T+S).10 R Rt ] ()]

Quantile Difference D = UQ +LQ - 2 M (e)

Galtons Skewness ~D / IQR =8 + GR 6))
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APPENDIX 4

Description of the MATLAB programme designed for the calculation of the quantile

distribution function parameters.
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A)MATLAB PROGRAM

function y=peqn(p)

lambda = ‘Give the final estimated value);
xp =(‘Give xpl - xp2’);
eta =(‘Give the final estimated value’);

delta =(‘Give the final estimated value’);

y = lambda + eta * ((1+delta) * (-log(l-p)) + (1-delta) * log(p)) -xp;

Al) Execution ofBisection method

“ bisect (‘peqn’,0,1,20,0.01,1,0) .
It is algorithm to find a root of f(x) by the bisection method with 0 “ and ¢ 1 © as starting
guesses.
where: ‘peqn’ holds the equation of “y c.
20: It is the maximum number of interations.
0.01: It is the required tolerance.
1: defines the type of stopping criterion - selects a test based on

the size of'the function value.
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Abstract

Composites materials provide a strong, lightweight material suitable for engineering applications. Degradation of these materials
is by propagation of a range of defects which ultimately control failure. Acoustic emission (AE), an
materials characterization,
both Since composite materials used for engineering
applications are manufactured by cross-ply methods, transverse failure is an important damage mechanism in controlling the

initiation of damage in a complete composite. These defects cause stiffness degradation which may be lifetime limiting in, for
instance,

ultrasonic method for
provides one of the most sensitive techniques for monitoring this material degradation and has

advantages over conventional ultrasonic and radiographic methods.

stiffness dependent aerospace applications, ultimately leading to initiation of delamination. Transverse samples of
glass-polyester resin have been monitored using acoustic emission as they are taken to mechanical failure. Results presented
consider the AE produced by transverse composite material in cured and post-cured conditions. The pattern of AE indicates the
fact that the resin toughness has increased due to post cure. Weibull statistics have been applied to acoustic emission event
parameters in the case of a transverse composite, although this particular application ofthe statistics does not bear a fundamental
relationship to the microscopic damage mechanisms. Weibull statistical parameters associated with AE signals have proved useful
in signalling the changing condition of these materials and monitoring the onset of damage. Transverse cracking in fibre bundles
is considered, with acoustic emission providing a sensitive method for real time detection of cracking. AEprovides a unique view

into the micromechanics of defect initiation and growth. © 1997 Elsevier Science B.V.

Keywords: Author please supply keywords

1. Introduction

Acoustic emission operates using resonant or wide-
band transducers in the ultrasonic frequency range from
100 kHz to 1MHz. T has been widely used to monitor
polymeric composites and has the advantage of being
highly sensitive to the initiation and growth of damage
within these materials. Polymeric camposites are usually
a two-phase system omsisting of a thermosetting resin
and bundles of reinfarcing filre, which might be glass,
Kevlar, carbon, etrc. The function of the filwes is
enhance the stiffress of the composite in the load
direction and increase the strength [1-3]. To deal with
the need for milti-axial loading of these materials and
the elimination of mechanically weak directions, com-

* Corresponding author. Fax: +49-115-948-6636;
e-mail: roger.hill@ntu.ac.uk

0041-624X/97/S 17.00 © 1997 Elsevier Science B.V. All rights reserved.
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plex patterms of filve lay-up may be used. When a
camposite is subject to mechanical loading, although
the longitidinal filyes bear the load, transverse cracking
can occur between the transverse filbwes and resin. This
damage mechanism may have an effect on the ultimate
survival of the camposite, modifying the material elastic
modulus, affecting the service lifetime of the material
in, for instance, the case of aerospace applications of
camposites and when the material isused in a hazardous
environment, affecting the service lifetime of the mate-
rial, where transverse cracking can provide a route for

The filre system used amsists of bundles of filres
with diameters of the order of 10-15 pm. Fibre adhesion
is usually evaluated using single filwes [4], although in
the case of the testing reported here, a camplete fibre
bundle is used with the load applied transverse to the
resin filve interface. By using a camplete filkve bundle,
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the system more accurately reflects the situation in an
engineering composite. Transverse strength evaluated in
this way is of interest since the testing of transverse
composites, combined with acoustic emission, has been
proposed by us as a way of evaluating the ‘quality’ of
the resin-fibre interface [5]. Although a number of other
methods exist based on the use of single fibres of glass,
Herrera and Drzal [4] suggested that these methods
have difficulties, which we believe can be resolved or
clarified, using transverse testing and AE. Acoustic
emission, as a technique of materials evaluation, has the
advantage of being ‘real time’ and sensitive, providing
the opportunity for continuous monitoring of materials.

The work reported here considers the mechanical
testing of transverse composites consisting of a bundle
of fibres set in a polyester resin. The acoustic emission
produced by the transverse composite was obtained
during testing to mechanical failure to evaluate the AE
and mechanical characteristics of the material and assess
the effect of material changes such as post-cure of the
composite.

2. Alms of the work

Mechanical information on composite materials is
obtained using mechanical testing to failure with stress-
strain information monitored. Acoustic emission is able
to provide more detailed information about intimate
changes in the damage structure within these materials
as load is increased. AE is able to monitor material
properties such as interfacial bonding between resin and
fibres and micro-crack propagation.

To carry out this evaluation of the test material using
AE, parameters are usually extracted from AE signals
since the AE signal often consists of discrete AE events.
Our work has been aimed at characterizing material
changes by detecting general changes within the AE
profile and by detecting changes within the statistics of
these AE parameters. One effective means to do this has
been to use statistical parameters associated with Weibull
statistics. Weibull statistics enables the quantification of
two associated statistical parameters extracted from AE
data (scale and shape parameters), which can be used
to characterize the material change

3. Acoustic emission-mechanical testing system and
materials

The acoustic emission system and mechanical testing
system used is shown in Fig. 1. A monotonic load was
applied to samples at a strain rate 0.5% per minute
using a Lloyds 6000R tensile testing machine under
computer control, with load and strain acquired auto-
matically. Acoustic emission emanating from samples
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Fig. 1. System used for mechanical and acoustic emission testing of
transverse bundle fibre composites.

was detected by a 375 kHz transducer attached to the
test specimens. AE was pre-anplified and post-amplified
followed by waveform capture usinga DAS50 analogue-
todigital oconverter board. Computer software
(VIEWDAC) allowed the capture of AE event wave-
forms into a file wave.bin’ with an associated time
stared in time.bin’.The software allowed signal parame-
te=xs such as amplitude, ringdown-count and duration to
be evaluated fram these captured waveforms.

The specimens tested were dog-bone’ shaped (Fig. 2),
with canposite gauge dimensions being40 x 5x 2.5mm.
A sirgle filre bundle was cast into the centre of the
narrow cross-section and transverse to the applied load.
All damage events and associated AE emanated from
gereration.

The polyester resin used w'as provided by Scott Bader
Co. Ltd and oonsisted of 100 parts Cristic Polyester 272
msin, 2 parts catalyst M with 0.4-1.2 parts of cdbalt
acelerator E in styrene. The resin was poured into
prepared dog-bone-shaped moulds and cured for 7 days
ak room terperature. Post-cured samples were placed
in an oven for 2h at 80°C. A cross-section of the filxe
budle, dbtained by optical microscopy, is showrn in
Fig. 3. This clearly shows the presence of interfibre

Fibres

A f \ atrex

Transverse bundle of fibres composite
(TBFC)

Fig. 2. Geometry of the transverse fibre bundle composite.
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Fig 3. Cross-section of a fibre bundle showing interfibre cracks respon-
sible for acoustic emission.

microcracks associated with damage growth and the
generation of these microcracks results in the acoustic
emission detected.

4. Results fram transverse canposite samples

Figs. 4 and 5 show the stress-strain curve for the
normal cured samples with stress-strain data and super-
imposed acoustic emission data. Acoustic emission data
were abtained by post-processing each acoustic emission
event to dbtain, in this case, ringdown count (per event)
and event amplitude. The test conditions mean that
event saturation is represented by a ringdown count
value of approximately 80 and an amplitude value of
approximately 10V.

The data from these room-cured samples are charac-
terized by a stress-strain graph which curves over and
which are characteristic of the mechanical deformation
of a polymer. The main component of the test sample
is, of course, polymer. Each acoustic emission event
appears as a point on the graph, with the points joined
by straight lines in order of increasing time (extension).
In Figs. 4 and 5, the AE appears as occasional ®arly’
events. A second, later, region of AE activity begins as
the stress-strain curve begins to tum over occurring at
a gross specimen strain of ~2.3%. It should be noted
that this figure is after correction for the flat portion of
the stress-strain curve associated with specimen slip in
the grips. This often occurred due to the nature of the
polyester surface. Ik is significant that no .AE events
were detected in this region. It appears that the likely
slight fricton noise associated with this process was not
detected acoustically and confimms the source of detected
AE, which is from the transverse filxe region of the
sanple.

Figs. 6 and 7 show aocoustic emission and mechanical
test data for specimens which had been further post-
cared' in an oven at 80'C for 2h. This is a procedure
sametimes adopted in composite manufacture, causing
the cross-linking chemistry to camplete. & can be seen,
fram Figs. 6 and 7, that the stress-strain curve straight-
ens up (evidence that the resin phase has become more
krittle). Ik is also worth noting that the failure stress
risss from ~27 MPa in the case of roam-cured samples,
to over 40 MPa in the case of post-cured sanmples.

In the case of the room-cured specimens (Figs. 4 and
5), intense (lats) AE activity is followed by material
fHilre. In the case of the post-cured specimens, intense
AE actvity begins at a mlatively low gross sample

30 - -- 60

25 -- — 50

20 . - 40
(9]
W =30 5

D
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+ 20 C
0 -.
0 1 2 3 4
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F:g 4 Stress-strain (extension 9¢) data and AE data (ringdown counts per AE event) for a 7 day room-cured transverse composite.
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Fig. 5. Stress-strain (extension %) data and AE data (ringdown counts per AE event) for a 7 day room-cured transverse composite.
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Fig. 6. Stress-strain (extension %) data and AE data (ringdown counts per AE event) for a 7 day room-cured and 2 h post-cured transverse

composite.

strain. However, in this case, the stmess contimues to rdse,
but AE activity subsides somewhat, while in some
specimens it picks up again immediately prior to speci-
men faihmre.

Clearly, the effect of post-curing the specimens has
been to increase the stiffress of the resin, but also the
toughness of the resin. Defects and damage begin to
propagate at an early stage during themechanical testing
of the specimen and, inmost cases, a rsigAE rate is
an indicator of imminent failure. In this case, thedamage
is arrested by a tough interfibre resin phase, the AE
event rate falls, and only picks up again close to faihre.
The AE behaviour of transverse specimens appears as
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‘quiet- noisy’ for room-cured
‘noisy-quiet’ for post-cured specimens.

specimens and

5. Weibull statistic applied to composite material systems

Our work has previously considered the application
of Weibull statistics to the failure of composite material
systems using acoustic emission in unique ways [6-8].
One component of the composite is the fibre system.
Fibre bundles of hundreds of fine fibres are used to
reinforce composites in the longitudinal direction, and
the statistical spread of the fibre strength is an important
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Fig. 7. Stress-strain (extension %) data and AE data (ringdown counts per AE event) for a 7 day room-cured and 2 h post-cured transverse

composite.

factor for material quality ocontrol. We have studied the
statistics of filre failure using acoustic emission [6,7].

When using Weibull statistics on filyve bundle failure
[6], the stress-strain curve can be predicted using an
equation of the form:

a= E{€ exp[-L(e/£0)m], (1

where o is the instantaneous filxe bundle stress, £ is the
instantanecus filre bundle strain, ¢0 is the Weibull
distribution strain-scale parameter and » is the Weibull
shape parameter with L being the normalized filxe
length. This equation predicts the shape of the
filre bundle stress-strain curve and the shape is deter-
mined by the underlying statistics of filve faihme.
Acoustic emission can monitor the failire of these filxes,
fitre by filre, if the measurement system is calibrated
to do this. In this case, the surviving filve number in
the fibre bundle, Nt is given, in temms of increasing
bundle strain e, by the Weibull equation:

Nt =N0 exp[ —L(e/e0)m|. 2)

where A0 is the initial number of filxes.

6. Application of weibull statistics to transverse failure

The Weibull equation is highly versatile and can be
formulated to account for a range of statistical processes.
The propagation of transverse cracks in the transverse
fibre bundle is complex and does not conform to the
weak link ideas inplicit in much of the use of Weibull
statistics. Our use of the statistics in characterizing
transverse failure has been entirely empirical, with the
aim of extracting two material-related parameters
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derived from acoustic emission data, which characterize
and differentiate material condition. Our use of the
equations has been formulated in terms of the number
of AE events with a specific ringdown count value RG')
and the number of AE events with a particular ampli-
tude {AMP).

In this aase,
becane:

the appropriate Weibull equations

= N0 exp/—(RG/RGO)m,
in terms of ringdown counts, and
Ax= W0 exp/~{AMP/AM P 0)mj, (@)

in terms of AE arplitude. Logarithmic plots of these
equations can be used to extract the equivalent Weibull
saale and shape parameters.

An example of this kind of plot is shown in Fig. 8,
where In \n{Ni/N0) isplotted against In(i"G) . The data
are used in the form of the number of AE events plotted
as a ringdown count distribution. The values of m and
RGO can be dbtained from Fig. 8. On back substitution
of m and RG(, the relatively good agreement between
the thearetical and experimental data isseen. (Fig. 9).

The average values for m and RG(0 are given in
Table 1. Although the specimen numbers are relatively
smll, the values do suggest expected changes. A high
value of m sigiifies a tighter statistical distribution.
Post—curing might be expected to generate a resin with
more uniform mechanical and frachure dharacteristics.
The values for m in Table 1, derived from acoustic

RG 0, significantly, moves to a higher value. The RG0
value indicates the position of the distribution on the
ringdown count axis (Fig. 9). For a more hkrittle mate-

3)
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Table 1

Data for room-cured (four specimens) and post-cured (seven speci-

mens) transverse fibre glass/polyester specimens. Average values of m
and RGO

m RGO
Room-cured specimens 1.08 17.1
Post-cured specimens 1.67 24.4

rial, the acoustic energy in a microcrack event might be
expected to rise, as this Weibull based measurement
suggests.
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7. Conclusions

The quality of the transverse bonding in a camposite
material is significent for engineering applications of the
material and a measure of the quality of interfacial
bonding is important in designing composite materials.
Acoustic emission has been used tomonitor the growth
of transverse damage in polyester resinglass filre
‘transverse specimens’ containing a sirgle transverse
fitre bundle.

The acoustic emission data have been captured as a
file of single AE events associated with the generation
of transverse damage in this filve bundle. The events
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have been characterized in terms of ringdown count per
event, amplitude and duration, although only ringdown
count data are discussed here.

Specimens cured for 7 days at room temperature show
a stress-strain curve dominated by the polymer deforma-
tin. The AE events suggest a failure dharacteristic
designated as Quiet-noisy’. Then the specimens were
post-cured for 2 h and the samples showed a mode of
failure designated as hoisy-quiet’. Post-curing had
increased the overall strength of the fibre bundle inter-
faces and increased the toughness of the bundle resin
combination, resulting in a marked resistance to material
failure and a relatively quiet period acoustically (towards
the end of the test). Generally, these post-cured samples
show enhanced AE activity immediately prior to firal

Weibull statistics have been adapted to characterize
the amplitude and ringdown count distributions of AE
events. Weibull parameters extracted from ringdown
count distributions for cured and post-cured samples
suggest a tightening of the acoustic emission ringdown
count distribution when the sample is post-cured coupled
with a move to higher ringdown count values suggesting
a more energetic AE source associated with the more

The use of acoustic emission and Weibull statistics to
characterize the transverse composite specimens is an
effective way to perceive subtle changes in material
fracture characteristics and changes inmaterial strength.
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Analysis of aooustic emission data combined with
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