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Abstract

This study deals with modelling and characterization of damage due to impact loading in adhesively bonded structures with composite adherends. The presence of joints in a component makes damage characterization, failure predictions and non destructive testing more difficult than for a component without joints. Joints serve as regions of localized high stresses. Especially in case of mechanical fasting (e.g. using rivets or bolts) this is more true because of the geometric and material discontinuities that they introduce. This is a serious limitation as adhesive joints are otherwise more desirable for safety critical applications such as repair of aircraft wings due to their better structural efficiency and due to potential for weight savings. Impact loading of composites can result in catastrophic failures and hence it is very important to study the effects of this type of loading. Impact loading results in multiple damage modes and each damage mode can cause reduction of one or more strength parameters. In order to use the adhesively bonded composites with confidence in safety critical applications reliable inspection techniques and reliable numerical models for damage evolution and residual strength of bonded joints should be developed. Although the question of impact damage in monolithic composites has been addressed by many authors, the same question for adhesively bonded structures has only been addressed by very few researchers and with limited success.. In particular composites are not very suitable for mechanical fastening because the polymeric matrix unlike metals does not yield locally under the bolts. Hence this results in high stress concentrations around the bolts. This particular problem can be avoided by the use of adhesive joints. However in practice adhesive joints find limited application in safety critical components due to the difficulty in verifying bond integrity and the difficulty in inspection 
It is important that the damage progression due to an impact event be modelled in three dimensions (3D) because damage in composite adherends and through the adhesives is not localized in any specific plane. Multiple damage modes can occur simultaneously and damage can progress in any direction. An accurate representation of damage at constituent level is necessary because the fibers, the matrix and the adhesive layer represent independent physical entities that can fail independently. This does not imply that the material properties for the constituents in free form (i.e. raw fibers or polymer without any inclusions) should be used. This is because the constituents in a composite have markedly different properties from their properties in free form. Hence alternate methods to create micro mechanical models should be pursued. The verification of numerical models using 2D techniques such as ultrasonic C – Scan is useful but not sufficient. Especially the predictions from a three dimensional micro level numerical model should in principle be also verified using a 3D micro level non destructive technique (NDT). Reliable numerical models and 3D inspection techniques are useful both for new product development and for repairs. With reliable models that have been verified at both micro and macro levels the engineers can use their design with confidence without generous safety factors that are needed otherwise. Hence this study is very important from a practical point of view. 

During the first year of study the author has demonstrated that X- ray tomography can be used for experimental damage characterization in 3D at both micro (constituent) and macro (aggregate) level but with certain known limitations. Ultrasonic C - Scan will also be used for macro level damage identification. Several failure criteria were studied and it has been decided to compare Tsai – Wu failure criteria and Strain invariant failure criteria (SIFT) for the modelling of damage evolution in adhesively bonded composite joints. Cohesive zone models for the adhesive layer will also be investigated. It has also been decided that Element failure method (EFM) rather than mechanical properties degradation method will be employed for modelling damage progression in FE models.
The study is expected to make a significant contribution towards enhancing the understanding of damage growth in components with adhesively bonded joints, hence making it possible to make reliable predictions of failure in such components. It also seeks to establish the use of appropriate NDT methods and procedures to validate damage models in composites. It is expected that as a result of this study a standard methodology to verify numerical models (especially for adhesively bonded composites) using minimal testing will evolve. The study will also help in resolving the debate about the choice of suitable failure criteria for composite materials. This study is novel and original and the most important contribution expected from this research is that the techniques developed during this study will increase the level of confidence with which adhesively bonded joints can be used in safety critical components without using excessive safety factors.
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Chapter 1: Introduction

1.1 Background and motivation for the research
Impact loading is frequently encountered in component manufacturing and assembly processes as well as in-service. The causes of such loading can be varied and depends on the type and application of the component. In the case of an aircraft part some sources of impact damage are tool drop, hail storms, bird strike, and debris from runway. For example, the catastrophic failure of world’s only supersonic passenger aeroplane, “Concorde”, on 25th July 2001 was due to the impact of flying rubber fragments. These rubber fragments flew as a result of rupturing of a tire of the aeroplane. The tire ruptured due to a metal strip on the runway which fell of a DC10 that took off just five minutes prior to the take off of the Concorde. This resulted in series of events which led to loss of 113 lives [1]. Another event which highlights the seriousness of impact loading is the accident of NASA’s space shuttle Columbia in 2003, caused by a breach in its left wing inflicted by an impact from a breakaway chunk of foam soon after lift-off [2]. In both these cases the impact loading encountered was unanticipated and not a result of normal operation of the components. However, in other cases as in the case of a gun hammer this loading is intentional and expected as a result of normal operation of the component. In either case it is important to understand how impact loading affects the structure and how the damage grows and propagates for safe operation. 
This study is focused on the particular question of impact damage in adhesively bonded fibre composites. A lot of recent literature is related to experimental detection, characterization, computer modelling and prediction of impact damage in fibre composites [3-27]. However the particular question of impact damage in adhesively bonded composites has only been studied by very few researchers [8, 11]. 
Impact energy is one of the most important factors that determine the extent of damage. The impact energy depends on the force, velocity and the mass of colliding bodies [17]. Several researchers have attempted to correlate damage modes with impact energy. For instance Liu [14] has attempted to express the different damage modes as a function of impact energy using a method called as energy profiling technique. There are however, considerable limitations to the use of impact energy and damage depth to characterize damage. Factors such as structural geometry, structural support conditions, and impactor shape also influence the damage severity, making it difficult to probabilistically assess damage without extensive testing and analysis of all possible configurations exposed to impact. In addition, probabilistic impact energy criteria are difficult to validate on operational composite structures since the only observable result of an impact event is the resulting damage, and not the impact energy [15, 28].
1.1.1 The need for accurate predictive models capable of predicting both macro and micro level damage

Impact loading of composites result in multiple damage modes such as indentation, matrix cracking, matrix crushing, delamination, lamina splitting, bending fractures, fibre pullout and fibre breakage [14]. Different damage modes result in reduction of only a particular strength related with that damage mode. For instance, if the dominant impact damage mode is delamination, with little fibre fracture, then although the residual compressive after impact strength may be much reduced [7, 13] the residual tensile strength may be relatively unaffected [29]. Hence it is important to know the dominant damage mode. The above mentioned damage modes can be observed using micro (constituent level) or macro/meso (laminate level) examination depending on extent of damage. When observed through unaided eye, the damage caused by impact can be invisible, barely visible or visible depending on the response of surface to impact event [11]. All the above mentioned damage modes can vary from invisible to visible and affect the residual strength and performance of the composite to varying degrees. The reduction in strength may or may not be critical depending on the safety standard that needs to be satisfied for a particular application. Aviation standards require strict experimental testing to demonstrate that even barely visible impact damage (BVID) will not propagate under the normal cyclic loading experienced by the component between inspection intervals [12, 30]. This is especially true for safety critical applications of composites such as in helicopter rotor blades or aircraft wings and stabilizers [12, 30-32]. These experiments cost millions of pounds to the industry every year. 
The dependency on experimental testing is further increased due to the lack of reliable predictive models for the failure of composite materials. For the design of composite structures the model can be started at micro, meso or macro level. Macro level analysis considers the structure as a homogeneous continuum and hence cannot account for the heterogeneities in the composite structure. In meso modelling laminate layers are considered as the basic building blocks. The designers attempt to utilize data from simple tests on isolated lamina (usually unidirectional) to predict the behaviour of whole laminate.  Whereas in micro modelling the designer usually starts at a constituent level and use the experimental data on the properties of the fibre and the matrix to predict the properties of individual lamina, than the laminate and finally the structure [33-35] Generally speaking the computational penalty for micro scale modelling is much higher than the meso-scale modelling. In addition, there is an additional level of calculations involved hence the possibility of introducing inaccuracies into predicted lamina properties [36]. However there is an alternate way of getting micro-level details from a meso-scale model. That is by using micro mechanical modifications in the meso-scale model. Such a process is used by Gosse in his strain invariant failure criteria for predicting matrix failure in polymeric matrix fibre composites [37-39]. 

Much of the industry and academic research in composites is dominated by meso-scale modelling [33] of composites and the use of non-mechanistic failure criteria such as [40-44]. These models are difficult to be verified for cases other than the simple case of unidirectional laminates [34]. Composites used in real world are often much more complex than that. In purely meso-level modelling there is no possibility of separately predicting the failure of fibres, matrix or the interface because the heterogeneous composite material is treated to be equivalent to layers of hypothetical an-isotropic homogeneous material [45]. The widely used models based on Tsai-Wu [40, 46] interactive failure theory are examples of non-mechanistic, meso scale models. These models produce poor results if experimental data is not available to guide or train the model. Hence the industry must resort to extensive experimental testing using destructive and non-destructive experimental techniques. 
The over reliance on experimentation is definitely expensive and is also not helpful in research for new alternate materials. This situation can be changed if reliable predictive models are available. Such models are most likely to be developed if composites are studied (experimentally characterized and numerically modelled) at a micro (constituent) level and if physics based failure criteria are used for failure prediction [38, 45, 47]. As recently debated exhaustively by Hart-Smith [34, 45, 48, 49] composite materials must be recognized as heterogeneous combinations of discrete fibre and polymer constituents. This is true because both fibre and matrix have independent properties, both can fail separately and both have their own particular modes of failure that are characterized by separate equations. A particular type of loading might only cause fibre, matrix or interface failure. When matrix and fibre are lumped together to assume homogeneous behaviour for what is a heterogeneous material, a hypothetical material model is created that lacks sufficient terms to cover all failure possibilities. The simplifying assumption to represent composites by an equivalent anisotropic homogeneous material has led to characterization of material properties that are not intrinsic to the matrix and fibre and hence it is difficult to apply these models to all laminates under all loading conditions. 

The statistical interpretation of test data also gets distorted due to this simplifying assumption. A traditional composite test coupon represents a simultaneous test of a sample size of a million or more fibres or of a million or more resin interstices between the fibres. Hence any measured value should be considered only as a mean value [34, 45]. In addition, such thinking has discouraged the use of low-cost manufacturing processes by creating the illusion that every combination of fibres and resin matrix constitutes a “new” material that needs an expensive test program to characterize it. The lack of reliable composite models that could be extrapolated beyond the point design has resulted in loss of millions of pounds on test programs. Hence it is very important to do detailed characterization of damage at constituent level especially for adhesively bonded composites where an additional phase that is the adhesive is also involved.

Several recent studies [34, 37, 38, 45, 47-52] have shown that characterizing the fibre and matrix failure in terms of strain invariants (a physics based failure criteria rather than a non-mechanistic one) using “Strain invariant failure theory” (SIFT) offers hope for the future of composites by creating reliable models needing far less testing than procedures of the past that are restricted to point designs and that cannot be extrapolated. However application of this failure theory has not yet been reported for adhesively bonded composites under impact loading. Similarly on the experimental front, a technique that is capable of characterizing damage and/or failure at micro level is needed due to two main reasons. First of all it can help in verification of any models that are based on mechanistic approach. Secondly it will promote the understanding of the actual damage growth mechanisms at constituent level and enhance the knowledge of physical mechanisms that are involved when impact damage propagates across the adhesive layer.  

Hence damage in adhesively bonded composites need to be experimentally characterized with respect to damage mode and extent. Traditional materials such as metals require damage characterization only at a macro level because they are homogeneous. However as explained earlier for composites, information of damage at micro level and its relation with macro/meso level damage is also very important. NDT techniques such as Ultrasound Scans, Thermography and Tomographic imaging are being used in industry to do damage characterization. However this work is far from complete, especially damage characterization in adhesively bonded composites at micro level is a realm vastly unexplored.
1.1.2 Why study adhesively bonded joints

The presence of joints in a structure makes damage characterization, failure predictions and non destructive testing even more difficult. The design of joints in general poses a challenge for engineers. This is due to the fact that joints signify geometric and material discontinuities which serve as regions of localized high stresses[12]. In particular composites are not very suitable for mechanical fastening because the polymeric matrix unlike metals does not yield locally under the bolts . Hence this results in high stress concentrations around the bolts. This particular problem can be avoided by the use of adhesive joints. However in practice adhesive joints find limited application in safety critical components due to the difficulty in verifying bond integrity and the difficulty in inspection [12]. This is a serious limitation as adhesive joints are otherwise more desirable for safety critical applications such as repair of aircraft wings due to their better structural efficiency and potential for weight savings. Important examples from the aerospace industry of the use of adhesive joints include bonded step lap joints used in attachments for the F-14 and F-15 horizontal stabilizers as well as the F-18 wing root fitting, and a majority of the airframe components of the Lear Fan and the Beech Starship . Adhesively bonded composite parts are also important for other industries such as the ship building industry. This is because constructing high strength structural joints in composite vessels is a major manufacturing challenge. Hence it is often necessary to use secondary (adhesive) bonding to join composite components into complex marine structures. The examples of such joints are the construction of joints connecting the ship hull to the bulkheads, decks and superstructure [9].
1.1.3 The limitation in existing literature
Some recent publications deal with damage due to various type of loadings in “adhesively bonded composites” [8, 9, 11, 12, 22]. However the particular case of “impact damage” in adhesively bonded composites has only been addressed by very few researchers and that too with limited success. For instance Herszberg et al. [8, 9] have extensively studied the damage in composites ship joints and joints in other marine structures under various loadings. However they have not discussed impact loading exclusively and are more concerned with generalized structural health monitoring system. One notable study (still unpublished) that concerns impact damage in adhesively bonded lap joints was conducted by Kim [11]. His previous work reported effect of impact of hail ice on fibre composites in general [10] but this study [11] discuses the effect of impact on bonded joints. Kim has shown that FE analysis in conjunction with NDT techniques such as C-Scan can be used to study the mechanisms of damage formation in impacted adhesively bonded composites. Moreover damage threat thresholds for varying impact energy can be established in terms of crack length for visible damage and in terms of area of debonded regions for barely visible or invisible damage in the same way as can be done for composites without adhesive joints. Establishing such thresholds is particularly important for design of adhesively joined composite structures since even moderate impact energy levels can cause partial-width debonding and the resulting damage is often impossible to detect by visual inspection. 
But these studies although detailed in their own right, leave many questions unanswered and raise several new issues. For instance the study relies on C-Scan technique for detecting damage that grows through the thickness. Although ultrasonic techniques give useful information about damage location and damage area inside the component. C-Scan in principal is a two-dimensional (2D) technique which fails to provide accurate information on mechanism of damage growth through the structure. That is it suffers from the loss of three-dimensional (3D) information. Similarly structural complexity and signal dispersion in materials with many interfaces, especially adhesively bonded composite materials can make ultrasonic inspection very difficult [25]. 
Secondly the level of resolution attainable from conventional C-Scan does not allow the damage to be studied at micro or constituent level, i.e. at the level where fibre damage and matrix damage can be identified as damage in separate phases. Although using C-Scan it is possible to differentiate between different damage modes such as localized debonding, matrix cracking or fibre damage, C-scan only gives a global or aggregate picture of resulting damage. This is no doubt useful for establishing empirical criteria for damage repair and maintenance but does not provide detailed insight into studying the mechanism through which the damage grows. In order to truly observe damage growth at constituent or micro level the resolution needed is in the order of micrometers but even using laser based ultrasonic C-scans one can only observe structural changes of the order of millimetres [53] (tests conducted by NASA for SARAP program show that minimum amount of structural changes that can be detected by this method are around 2.5 mm).  The FE analysis done by Kim [11] is also not detailed and only helps in verifying the location of high stresses rather than being capable of predicting failure. 
The requirement of using adhesively bonded joints in safety critical components has highlighted the lack of reliable predictive models and the need for better NDT techniques to verify these models and this is the key motivation for the present study.

1.2 Aim and objectives
The aim of this study is to improve the understanding of the processes and mechanisms involved in impact damage growth and to study the effect of impact damage on the integrity of the adhesively bonded composite structures through the use of numerical models and non-destructive experimental techniques at micro and meso/macro level. 
The following objectives need to be achieved to realize this aim;

1. To access the suitability of various failure criteria and select the one which can best be used to model impact damage in adhesively bonded joints. In particular to objectively compare physics based failure criteria to empirical failure criteria and determine the advantages of using one over other. 
2. To select a suitable numerical technique for modeling impact damage initiation and growth in adhesively bonded structures by studying the relevant literature. As a necessary requirement it must be possible to apply the chosen failure criteria using the selected technique.

3. To examine the effect of adhesive layer on impact damage growth using numerical modeling and applying the selected failure criteria.

4. To determine the capabilities of various non-destructive inspection techniques to experimentally verify the predictions from the damage models at both micro and macro level. 
5. To experimentally validate the numerical models using the selected NDT technique(s) for both micro and macro level damage.
The study is expected to make a significant contribution towards enhancing the understanding of damage growth in components with adhesively bonded joints, hence making it possible to make reliable predictions of failure in such components. It also seeks to establish the use of appropriate NDT methods and procedures to validate damage models in composites. It is expected that as a result of this study a standard methodology to verify numerical models (especially for adhesively bonded composites) using minimal testing will evolve. The study will also help in resolving the debate about the choice of suitable failure criteria for composite materials. This study is novel and original and the most important contribution expected from this research is that the techniques developed during this study will increase the level of confidence with which adhesively bonded joints can be used in safety critical components without using excessive safety factors.

1.3 Methodology 
Figure 1.1 explains the methodology that will be adopted for this research. As shown in the figure several theories/failure criteria will be studied and compared to assess their suitability for modelling damage/predicting failure at micro or constituent level. In particular a recently proposed failure criteria i.e. the strain invariant failure criteria (SIFT) [34, 37, 38, 45] will be tested extensively to verify its usefulness for modelling adhesively bonded composites under impact loading.

In addition several NDT techniques will be examined to see that which one is most suitable for damage characterization at constituent level. The constituent level damage will be studied in relation to the overall damage in the structure. In particular x-ray micro-computed tomography (XMT) which is a 3D visualization technique will be evaluated for its usefulness to study damage growth in adhesively bonded composites at micro level. The aggregate or macro level damage will be studied using ultrasonic C-Scan method and X-ray tomography at a macro level. XMT will be carried out using the equipment at the Manchester Material Science Centre (MMSC).
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Figure ‎1.1 Methodology for PhD research

1.4 Structure of transfer report

The first chapter of the report gives the motivation for the current study. The problem under investigation is introduced and the aim, objectives and methodology are highlighted. In chapter two a review of various mechanistic and non-mechanistic failure criteria is conducted and the essential features compared. The failure criteria, which will be used for subsequent modelling is explained in detail. The third chapter presents a brief comparison of the different numerical techniques that can be used to model impact damage problems and presents the necessary theory for the technique that the author has decided to use for further work. Chapter four briefly covers the various candidate NDT techniques for damage growth assessment in composites. In particular XMT is explained in detail and the potential it offers for damage characterization at micro level is discussed. This chapter also describes the progress made by the author in using XMT for damage characterization and suggests ways of overcoming the limitations faced. It also elaborates how the author proposes to use Tomography for validating damage at micro and macro levels. The final chapter presents the plan for the next two years of study with approximate dates in the form of Gantt chart. It gives the major conclusions from the first year work and discusses the future research directions.
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Chapter 2: Failure Theories
2.1 The issue
A variety of failure theories and failure criteria for composites have been proposed over the years [38, 41-45, 47, 48, 54-66]. Some of these criteria are mechanistic (physics based) e.g. ref. [38, 47, 57, 62-64] and some are non mechanistic (purely empirical) e.g. ref. [42, 48, 55]. Some theories treat the damage only at a meso or macro scale others take micromechanical and 3D considerations into account. Some attempt to trace damage progression using phenomenological models e.g. ref. [47, 64] others give a probabilistic estimate of the damage growth e.g. ref. [15, 66]. All these failure theories have demonstrated varying capabilities of accuracy of failure predictions. The requirements of experimental data required for the implementation of these theories also vary widely. The confidence level with which the theories can be extended from prediction of failure in unidirectional laminates under uniaxial loading to multidirectional laminates under multiaxial loading is also different for each theory. Hence the choice of suitable failure criteria for a given application area is a complex decision. It requires a thorough understanding of the capabilities and limitations of various theories. 
At the occasion of an “experts meeting” held at St Albans (UK) in 1991, on the subject of  “Failure of Polymeric Composites and Structures: Mechanisms and Criteria for the Prediction of Performance” [67] it was identified that, “A strong need exists for predictive models which can be applied to real situations without the need for the determination of many empirical constants. Industry needs design methods for strength and stiffness. Design codes need data input and both the codes and the data need to be validated, at present neither satisfactory codes nor satisfactory data exist. The consequences are over design and under use of composites.” This meeting prompted Hinton, Soden and Kaddour to start what was called the world wide failure exercise (WWFE) [36, 59, 68]. The objectives of this exercise were to establish the current level of maturity of theories for predicting the failure response of fibre reinforced plastic (FRP) laminates, closing the knowledge gap between theoreticians and design practitioners in this field and stimulating the composites’ community into providing design engineers with more robust and accurate failure prediction methods, and the confidence to use them. This exercise spanned over a period of more than 10 years. Nineteen theories were evaluated as a result of this exercise and five most highly ranked theories were recommended [33]. However, as identified by Hinton et al [68] there have been other developments which were not represented WWFE.  

Out of those, the theory which has received much attention recently due to its accuracy and strong physical basis is the strain invariant failure theory (SIFT) of Gosse [38]. Although the theory has been shown to be successful for failure prediction and study of damage growth in monolithic composites [32, 45, 51, 52, 69, 70]. At present there is no publication that reports the evaluation of this theory for the particular case of predicting the strength and damage growth in adhesively bonded joints under impact loading.
It is important to analyse and compare that how the theories from different authors compete on accuracy, data requirements and the confidence with which the theory can be applied to complex situations. Hence a major objective of this chapter is to highlight these aspects of various theories. The present chapter in section ‎2.2 discusses the differences between mechanistic and non-mechanistic failure criteria. The advantages/disadvantages of both are elaborated along with examples of theories which fall into these categories. Their capabilities as evaluated in WWFE are also discussed briefly. After this section ‎2.3 explores the question of whether to employ a meso scale model or micro-mechanics based model for failure prediction. In section ‎2.4 SIFT is introduced, its advantages highlighted, and process of application elaborated. This section also discusses in detail the various mechanisms through which a composite may fail. Section ‎2.5 provides the justification of the choice to use SIFT in this study.
2.2 Mechanistic vs. Non-mechanistic Failure Criteria
With regards to failure criteria for composites there are two distinct schools of thought. One group is clearly in favour of purely empirical criterion that defines the failure envelope by using a minimum number of test data points [41, 42]. While the other believes that any failure criteria must have strong physical basis. It must fit the available test data but at the same time should adequately represent the physical reality that is being modelled by the equations [34, 47]. Both groups justify their standpoint. The first group dominates current industrial practices possibly as a result of advanced composite usage and modelling evolving from the aerospace industry which has a strong history of component qualification by test. However there is a growing realization in the composite community that over reliance on empiricism has to be abandoned in favour of a physically correct failure criterion [33, 34, 38, 47, 51, 52, 69, 70]. An attempt is made here to give the relative merits and demerits of using empirical/non-mechanistic and physics based/mechanistic failure criteria.

2.2.1 Predictive capability 
For the case of isotropic metallic structures one only needs to measure the ultimate strength to completely define a failure envelope using a failure criterion such as Von Misses criteria. Whenever a new metallic alloy is used only this reference strength needs to be measured to define the failure envelope. For purely orthotropic homogeneous materials the same approach can be used with the only difference that instead of having one reference strength property, reference strength in each principal direction is required. However when interactive failure criteria are used empirical factors other than reference strengths must also be known. These factors are used for what can be described as training of the model. Once the model is trained its accuracy can be improved considerably. The question of whether the model after training can reliably predict failure under all possible loadings circumstances is hard to answer because no clear physical basis for the model exists. Hence often the industry ends up with testing of entire components rather than just relying on coupon testing for determination of reference strengths. 
The WWFE made this limitation of interactive failure theories apparent. As when the results of “blind runs” 
 were published the interactive criteria like that of Tsai-Wu did not perform very well. However, in the final recommendations given by the organizers of WWFE the Tsai-Wu criteria attained a prominent slot among the top five theories. This criterion is purely empirical in nature and assumes the composite laminate to be a homogeneous anisotropic solid [42]. It was only after the training of the model was done using the experimentally determined failure envelopes that the theory was able to give better agreement with experiments [33, 71]. Two other theories which also featured in the best five were from Puck [47, 72] and Cuntze [64, 73]. Both these theories had strong physical basis especially the phenomenological model employed by Puck which evolved from extensive experimental studies of the mechanisms by which failure occurs in a lamina when subjected to bi-axial stress state [74]. Being physics based these theories did not require any training to improve there predictions.
Since both mechanistic and non-mechanistic failure criteria featured in the top five of WWFE some may infer that in terms of accuracy there is no significant difference between both types of criteria. However this is an overly simplistic view of the situation as Hart-Smith pointed out that there is very little likelihood that any test data would ever succeed in discrediting any published composite failure theory, particularly those with disposable parameters [49]. Tsai has also admitted that he was not happy with the degree of empiricism that he has used in the progressive failure scenario [42]. About his own empirical Ten Percent rule, Hart-Smith writes, “good as they are, such theories have limited applicability and can neither analyse nor even identify inferior fibre patterns that should be avoided” [34]. In reality because the empirical criterion are formed by curve fitting the test data, they are only as accurate as the data is. In order to apply the criteria to a new situation a lot of empirical and interactive factors need to be adjusted that have no physical equivalent.
Therefore it can be stated that generally in contrast to physics based criteria non-mechanistic criteria need more experimental testing. Because additional experimentation is needed to train models for each new material.
2.2.2 Extrapolation of Results – Going beyond point design
One serious limitation of interactive/non-mechanistic failure criteria is the difficulty of extrapolating the results to new materials. (For the purpose of composites the definition of “New material” is also debatable as many believe that changing the fibre, matrix content or processing technique creates a “new material” that needs new design allowables). This is a serious limitation that is accepted by the proponents of non-mechanistic failure criteria. For instance Kuraishi et al. while defending the Tsai-Wu failure criteria (progressive quadratic failure criteria) said about the values of three adjustable empirical factors, “For a new material, there is no guarantee that the values are correct. Like all empirical factors, they cannot be proven correct for unknown materials.” [71]. A well developed physics based criteria on the other hand should be valid for all composites as it represents a physical reality that does not change with a new combination of matrix and fibre. Mechanistic failure criteria which featured in WWFE did well in this respect but often invoked new mechanisms (physical explanations) to force truncations where the test data did not support the original mechanisms. Although justifiable in that the truncations were the result of some new mechanism, the practice raises doubts about the correctness of the original physical model employed. At the least, it signifies a requirement for further research to improve the theory. As more research is done on the mechanisms involved in damage initiation and growth mechanisms, failure criteria can be improved. To date, evaluation of the SIFT, conducted after the WWFE, has not required any such forced truncations or additions in order for the failure criterion to accurately fit a range of experimental data.
The ability to extrapolate results to unknown composite materials is not a matter of academic importance only. Serious cost savings can be realized if one is confident that for a “new material” new design allowables are not needed. Obtaining these design allowables often require extensive experimentation, which cost a lot of money.  The use of non-mechanistic failure criteria by the industry has also discouraged the use of low cost manufacturing processes [34]. This is because it was widely believed that, as these processes introduce variability in strength due to the production process, each product may represent a “new material” ” that requires extensive experimental testing to obtain design allowables. This situation does not arise if a mechanistic failure criterion is used.
Mechanistic or physics based failure criteria offer a number of advantages in terms of solving research and development issues. It allows for improvements in laminate design by giving the designer the ability to identify and analyse inferior fibre patterns that should be avoided [33, 34]. Similarly these criteria can also give useful information about damage accumulation and growth. It can also provides insight and foresight into possible faults [33] and all this can help in planning and scheduling maintenance tasks. A well-developed mechanistic failure theory can be used for answering what if questions with reliability. If for example a joint requiring the use of a new adhesive has to be designed an empirical failure criteria might require that comprehensive testing be done to determine not only the reference strengths but also the empirical factors involved. Whereas using mechanistic failure criteria one can tackle such design problems with greater confidence without extensive reliance on experimentation.

2.2.3 Theory and Practice
Non-mechanistic failure criteria for composites have dominated the industrial and academic scene for a long time now. And the major reason behind it was the relatively simpler equations that such criteria employ and the widespread availability in the form of software packages. These criteria have limited realm of applicability but can be applied successfully where past data is available to guide the designers. The British Standard (BS) codes which were represented in WWFE by the work of Eckold [55, 75], or the Truncated Maximum Strain method [58] of Hart-Smith which has been applied successfully by the United States Air-Force, both use modifications or cut-off limits introduced by empirical factors. These theories were successful in their respective application domain because the laminate configurations and the type of loadings were restricted and there was a large amount of experimental data available to guide the theoretical predictions. 
On the other hand most of the mechanistic failure criteria (especially those featured in WWFE) were either too complex for application in industry, or required specialized software for implementation. Both these situations are potential deterrents for the use of mechanistic criteria. A physically correct failure criteria must have separate equations needed to characterize each mode of failure hence it might not be possible to make it as simple as the empirical criterion without the lack of necessary accuracy and information. However if the physical mechanisms are identified correctly it can be possible to avoid the unnecessary complexity often introduced due to wrongly identifying the physical mechanisms. In addition if such criteria can be made available for industrial use as a part of commercial FE packages than this can be a big motivational factor for their use. 

One thing that must be realized is this that although it might be comparatively difficult to routinely use some physics based criteria in industry, the long term advantages gained in the form of reduced cost of testing and development of new useful and cheaper materials are far too many and cannot be ignored. The way the demand for composites is growing the composite community can no longer afford the unnecessary cost of over design and extensive experimentation.
2.3 The abstraction level
The numerical or analytical modelling of the damage in composites can be done using various modelling techniques. These include but are not limited to continuum damage mechanics models, probabilistic methods and phenomenological models like that of puck [47]. Regardless of the modelling technique used the model must represent the structure at macro, meso or micro abstraction level. The term “abstraction level” has been used here because these levels essentially reflect the amount of information that can be hidden from the analysis using certain assumptions. Figure ‎2.1 graphically represent these different levels. In theory a composite consists of three distinct phases the matrix, the fibres and the interface and hence any model representing the damage in composites must model the behaviour of each of these constituents. Generally a composite structure is not modelled as a homogeneous continuum (macro level - Figure ‎2.1c) because in this case their remains no possibility to even predict the failure of different laminates let alone the failure of individual constituents. 
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Figure ‎2.1 Effect of level of modelling [34]
On the contrary due to increasing complexity it is also not practical to start from the properties of individual fibres and matrix and make a micro level model Figure ‎2.1a) using the bottom up approach. The three failure theories of Chamis et al. [57, 76], Mayes [63, 77] and Huang [62, 78] which featured in WWFE employed this modelling method. However their accuracy of laminate strength prediction was judged by the organisers as moderate [33]. And none of them featured in five highly ranked theories. One possible reason for this can be that when employing this method an additional set of calculation for predicting lamina strength is required and this may introduce inaccuracies because it is always difficult to correctly account for in-situ effects like thermal strains, friction and interphase strength using this approach.
In addition, modelling composite structure at a micro level using the bottom up approach is computationally very expensive. For example, if finite element modelling is employed than it will require each of the millions of fibres and matrix within the fibres to be represented by individual elements. This becomes unmanageable for even component sizes of few centimetres due to the memory/processor time requirements of the model. Of course there are ways to improve this situation by for example considering fibre tows instead of individual fibres as the basic elements however such models even than involve stress calculations on length scales that range from few microns to centimetres or even meters for larger structures. And this introduces numerical instabilities that are difficult to get rid off. The increased time and memory/processor requirements for simulation run means that it becomes expensive and often impractical to use such bottom up approaches in industrial environment where the designers/managers need to rapidly check different design possibilities before actual implementation. 

Due to the above mentioned problems with macro and micro level modelling it is customary is to build a so called meso level model (Figure ‎2.1b). In this level a unidirectional lamina is the basic building block of the model. In order to simplify the analysis, the individual lamina layers are assumed to be homogeneous and an-isotropic. Such a model can be readily used to predict inter laminar failure (e.g. delamination) however intra-laminar failure or through the thickness trans-lamina matrix cracks are very difficult if not impossible to model correctly using this assumption of homogenised lamina. 
In order to overcome all these problems Gosse [37-39] has proposed the use of micro mechanical modifications in a lamina level model. This lamina level model is different from the traditional meso level models in that it implicitly get rids of the assumption of homogenized lamina. Although the initial calculations are performed on a homogenized anisotropic lamina using the effective properties of fibre and matrix rather than the properties of raw constituents, a post processing step is introduced to decompose the lamina level stresses into constituent level stresses using specific amplification factors for mechanical and thermal strains.  There are several advantages in using this approach including

1. Reduced computational requirements i.e. the requirements of processor time and computer memory.

2. The use of effective lamina properties rather than using the properties of raw fibre and matrix allows for capturing the in-situ matrix-fibre interphase effects such as the matrix fibre frictional effects and interface strength in a better way than is possible by using properties of raw matrix and fibre.

3. Accurate representation of thermal strains and moisture contents is possible by introducing thermal micromechanical modifications.

4. Ease of modelling because of using traditional/standard FE pre-processor and carrying out the micromechanical modifications only in the post processor.

5. Ease of applying the model to larger problems due to lesser computational requirements. 
Hence this technique has demonstrated potential to solve the problems that have traditionally hindered the application of micro level models. Gosse has successfully used the micromechanical modification process to implement his strain invariant failure theory (SIFT) [37-39] which will be discussed in the next section.

2.4 Strain invariant failure criteria – SIFT

Strain invariant failure criteria was proposed by Gosse and Hart-Smith [38, 45] in 2001. The theory is a mechanistic failure criterion and relates the effective strength properties of individual constituents of a composite to failure of the material. The theory considers a composite to be a heterogeneous combination of matrix and fibre and requires separate equations to characterize each failure mode in the matrix and fibres. Gosse and Hart-Smith propose that the theory is applicable for all geometries; lay up sequences, boundary conditions and loading conditions [38, 45]. The general strategy to employ SIFT is represented in Figure ‎2.2. SIFT can be easily applied for 2D and 3D problems. It has been verified for various situations including plain strain problems [38, 45], through the thickness matrix cracking in I beams and T-cleats [52]. 2D progressive damage [69] and 3D progressive damage in structures with holes and other stress raisers [70]. The initial study by this author has strongly suggested that the theory can be easily extended to cover failure and damage growth in adhesively bonded composite joints.
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Figure ‎2.2 Methodology of implementation of SIFT (adopted from [50] )
First of all a meso level FE model of the composite structure to be analysed is built. This model is similar to the FE models traditionally built for composites in that it is a homogenized anisotropic representation of the laminates. It is only in the postprocessor that the micro mechanical modifications are applied to obtain strain amplifications in the matrix and the fibre. The process of micro mechanical modifications is explained in detail in the next chapter, section ‎3.3. Here only the physical basis of these modifications is explained briefly. Two types of strain amplifications are done i.e., micro-mechanical strain amplification and residual thermal strain amplification. The micro-mechanical strain amplification factors are needed because the difference in material properties between the polymeric phase and the reinforcement phase complicates the applied mechanical strain distributions throughout the constrained polymer. It has been observed that the polymeric matrix constrained within the fibres behaves differently from an unconstrained polymer. For example although unconstrained polymers can show significant non-linear behaviour the constrained matrix under a tension-tension load essentially fails in a brittle fashion [38]. Chai has shown that as the thickness of the adhesive layer in bonded joints is decreased to those found within the polymeric matrices of composite material than GIIc , and GIIIc converges to GIc and shear yielding was not observed for both mode II and III loadings [79, 80]. Hence due to the constrained nature of the polymer and fibres it is not possible to predict failure correctly, unless the true strain distribution in the matrix and fibres is determined using the calculated micro-mechanical amplification factors. Similarly the residual thermal environment also gets complicated because in composites the constituents often have strikingly different coefficients of thermal expansion for-instance the carbon fibres have zero or negative thermal expansion along the fibre axis whereas epoxy matrix in unconstrained state can expand significantly under thermal loads. During the manufacturing process the composite undergoes various heating and cooling cycles. After cooling from the cure temperature to ambient temperature the overall thermal expansion/contraction may be minimal due to the constrained nature of constituents but the individual constituents due to their markedly different coefficient of expansion develop significant residual thermal strains. Hence a constrained cell of resin can be in a state of tri-axial tensile strain, equal approximately to its thermal expansion coefficient multiplied by the difference between the processing temperature and the ambient temperature, before any mechanical loads are applied [52]. On the application of external loads these residual strain add up to the total strain experienced by each constituent and can significantly alter the failure loads allowed for a particular constituent. The residual strain environment is further complicated by the geometric configuration of layers. After the macro level strains have been amplified and resolved to reflect the strains in the constituents the third step is to determine the strain invariants. If the loading is such that dilatational deformation (volumetric expansion) is significant as in the case of interlaminar cracks then it is sufficient to only determine the first strain invariant (J1). If the primary mode of failure is expected to be distortional (shear loading) than a criterion based on the second invariant of strain (J2) is used. If the mode of failure is not known at priori then both the invariants need to be calculated. A discussion of these strain invariant and their relation with failure mechanisms involved is given in section ‎2.4.1. Once these invariants are determined then the failure criteria is applied and the values are compared with the experimentally determined critical values for that composites. The micromechanical models need to be built only once for a given fibre volume fraction and fibre array (such as diamond, hexagonal, square) and the amplification factors obtained can be stored and used for subsequent analysis. The micromechanical amplifications are not very sensitive to the nominal fibre array. In the next section the actual failure criteria and its physical interpretation will be discussed. 
2.4.1 Failure Mechanisms and Strain Invariants
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Figure ‎2.3 Off-Axis Laminae [38]
Table ‎2.1 lists the failure mechanisms for the constituents of a composite [38, 45]. The greyed boxes show the mechanisms which SIFT claims to address. From this table it can be seen clearly that all the failure mechanisms observed for composites can be either classified as dilatational or distortional failure. The fibre in the composite may fail through any of these two mechanisms, whereas the polymeric matrix constrained within the fibres normally fail through dilatational failure. Only for off-axis laminate (see Figure ‎2.3) under longitudinal tension has the distortional failure mechanism been observed in the matrix. Although important, it is not the intent of this author to discuss here why or how these are the only failure mechanisms possible. These questions have been answered in great detail in reference [34, 38, 45] and the reader is referred to these for explanations.  

	Constituent
	Failure Mechanism
	Loading condition
	Remarks

	Fibre 

(isotropic or anisotropic)
	Brittle fracture (Dilatational failure)
	Longitudinal tension
	A single fracture surface perpendicular to the axis of the fibre

	
	Shear failure (Distortional failure)
	Compression loads (if fibres are sufficiently well stabilized)

Biaxial loads
	A cup-and-cone fracture surface, a single flat fracture surface inclined at 45° to the fibres axis, or a serrated fracture surface with individual facets inclined at about 45° to the fibre axis

	
	Fibre Instability or pull out etc.
	Longitudinal compression
	Characterized as matrix failure mechanism and observed only for not completely stabilized fibres.

	
	Other
	e.g. Transverse tension
	Not observed in practice for fibres embedded in polymeric matrices

	Polymeric Matrix
	Quasi-Brittle cracking (Dilation or volumetric expansion)
	Tensile Loads perpendicular to the crack
	The commonly observed failure mechanism for constrained matrix. Interstitial locations are the critical locations for this mode of failure.

	
	Ductile Shear failure (Distortional)
	Biaxial tension /compression
	Generally not observed because polymer constrained within closely spaced fibres is restricted from plastic flow. However this is the dominant mode in case of Off-Axis Lamina. Generally observed in inter-fibre locations.

	Interface 
	Not discussed exclusively, however indirectly accounted for by critical effective fibre strength.
	-
	Rare failure mechanism only observed if some manufacturing defect, such as due to defect in sizing process before embedding fibres in matrix.


Table ‎2.1 Failure mechanisms for a composite material
Both dilatational and distortional failure mechanisms can be expressed in the form of strain invariants. An invariant is a quantity whose magnitude remains unchanged if the coordinate system is transformed. Hence a failure criteria based on strain invariants is applicable in all coordinate systems not just in material axis. The dilatational failure refers to the failure due to change in volume. The change in volume is invariant quantity as it remains same whichever coordinate system is used to measure it. This change of volume can be expressed mathematically through strain invariants. The strain invariants are a function of three principal strains. While deriving these principal strains only the strains generated by stresses are included. Therefore free expansion effects are not considered.

Mathematically the volumetric or dilatational strain (VS) is given by:
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(‎2.2)
and ε1, ε2 , ε3 are the three principal strains, Ji are the invariants of the strain tensor.

The first strain invariant J1 is the most significant component of volumetric strain and in studies considering only matrix failure the reduced form for the volumetric strain i.e. J1 = ε1 + ε2 + ε3  is usually employed [38, 51, 52]. 
The distortional strain energy is also an invariant quantity and can be expressed in terms of the three strain invariants as well. As employed in the popular Von Misses criteria for metals the equivalent strain gives a measure of distortional strain energy. The equivalent strain (εe) is defined as: 
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2.4.2 Strain invariant failure Criteria (SIFC) 

Having introduced the necessary terms and described the essential failure mechanisms we can now state the strain invariant failure criteria (SIFC) for failure in a composite as:

Damage initiation in a lamina is dictated by the critical effective values of volumetric strain and equivalent strain. A lamina in a composite material is said to have failed if any of the following condition is met:
1. The volumetric strain Vs (or first invariant J1) for matrix or fibres exceeds the critical value Vsmcrit (or J1mcrit) at preferred locations for matrix or Vsfcrit (or J1fcrit) for fibre. Where superscript ‘m’ refers to matrix and ‘f’ refers to fibre. It is generally believed that J1 criteria is applicable only for the matrix as dilatational ‘matrix failure’ will precede the dilatational ‘fibres failure’ and a composite never attain sufficient loads to achieve the J1fcrit. Hence in most studies J1mcrit is simply written as J1 and refer to matrix failure. 
2. The equivalent strain εe for matrix or fibres at preferred locations exceeds the critical value εemcrit at preferred locations for matrix or εefcrit for fibre. Where superscript ‘m’ refers to matrix and ‘f’ refers to fibre.

3. The preferred locations for matrix failure are the interstitial and inter-fibre locations. The significance of these locations will be discussed in detail in the next chapter, section ‎3.3.1 when micromechanical modification is discussed. 

4. The critical invariants are determined from analysis of coupon tests of composite laminates with various lay-ups [69].
5. The second invariant of strain J2 can be expressed as a function of J1 and εe i.e. from equation (2.3) and (2.5) we can write,
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This allows the use of J2 as a Damage Function to describe the extent of damage propagation within the matrix phase of composite material, once damage initiation has been established using the critical values J1​​mcrit and εemcrit. [39]
Having established the failure mechanisms and failure criteria, a failure envelope for a composite material can be numerically derived. A schematic representation of such an envelope is shown in figure 2.3. 
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Figure 2.3 Representative failure envelope for a composite as defined by SIFT [34]
As indicated in this figure both the failure mechanisms can occur together. However the limit of one is usually reached before the other. The failure mechanisms such as failure under axial compression are actually matrix failure as it is the instability of matrix that results in loss of support to the fibres and result in lamina failure. The critical factor for successful application of SIFT is the correct determination of thermo-mechanical strain amplification factors for fibres and matrix. Without this it is not possible to apply this criterion.
2.5 Why SIFT?
SIFT is one of the latest failure theories and has raised high hopes for many. Unfortunately the theory did not feature in WWFE because at that time Gosse was still in the process of validating the technique and did not want to bring the theory in public domain without adequate verification. If the theory had been represented in WWFE, it would have been much simpler to compare its analytical capabilities. However the theory has some important features which reveal its superiority over the other theories without any direct comparison. Some of these features are:

1. It is physics based failure criteria with clearly identified failure mechanisms for each constituent. These failure mechanisms are now established as true failure mechanisms for a composite. The importance of using physics based criteria has been explained in section 2.1 of this chapter. 
2. The correct identification of invariant quantities i.e. the effective volumetric strain (Vs or J1) and effective equivalent strain (εeqv) as intrinsic material properties has made the theory universally applicable. This was the fundamental weakness of other high ranked physics based failure theories that featured in WWFE including the theory of Puck and Cuntze. SIFT only requires the determination of four intrinsic material properties, whereas Cuntze’s approach require five. 
3. Ease of application is an important factor in successful acceptance of a theory. SIFT can be applied using any commercially available FE software packages such as ANSYS or ABAQUS. It is only the post processing routine that needs to be added to complete the analysis. This is a major advantage of using SIFT as no specialized software is required.

4. The application of some of the more established failure criteria such as the Tsai–Wu failure criterion for the plane stress problems involving the classical lamination theory (CLT) is well known. But their extension to the more general 3-D cases is considerably more complex and it is difficult to determine the parameters that will ensure closed or admissible failure envelopes in the six-component stress or strain space. However, it has been demonstrated that SIFT can be easily applied in conjunction with element failure method [69, 70, 81] (EFM) for determination of progressive damage in 3D in a structure. Hence it is possible to carry damage growth study using a combined SIFT – EFM approach. This will be discussed in detail in section ‎3.2.1.

5. Since the polymeric matrix failure is completely characterized by two failure mechanisms identified (Distortional and Dilatational) and these mechanisms are considered independent of fibre failure in SIFT. This author suggests that SIFT can be directly extended to apply on adhesively bonded structures (polymeric adhesives). By treating the adhesive layer as a resin rich inclusion. However the details of this still need to be worked out and the associated problems will be explained once the actual process of micromechanical modifications is explained in ‎3.3.
2.6 Conclusion

This chapter builds a case for the use of physics based failure criteria SIFT for this research. The important points covered in the chapter are

· Use of Physics based failure criteria is important for advancement in damage growth studies. 
· The highest level at which a composite may be modelled without the lost of essential information of stresses and strains in the constituent is the level of lamina (unidirectional tape).

· It is better not to consider a laminate as a homogeneous anisotropic solid. As this allows for determination of matrix and fibre failures in a more rational manner.
· There are only two primary failure mechanisms for fibres embedded in composite and two for polymeric matrix. And hence only four reference strengths are needed. These reference strengths which are universally applicable are the two critical invariants J1 for the matrix and fibre and two equivalent strains εeqv for matrix and fibres. These strengths are effective values from a composite test coupon and not of raw fibres or un-reinforced polymers.
· SIFT offers a great opportunity to model the behaviour of impacted bonded joints.

The next chapter will discuss the modelling methods and numerical technique that can be used to model progressive damage in composites. In addition EFM and the process of micromechanical modification in SIFT are explained. 
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Chapter 3: The Modelling Strategy
The importance of experimentally characterizing and numerically modelling impact damage in adhesively bonded structures has been discussed earlier. In this chapter first a brief review of the different strategies being employed for numerically modelling damage in adhesively bonded composites is presented and the limitations and capabilities of the various methods are highlighted.  After this in section ‎3.2 the element failure method (EFM) is discussed in detail. It is also explained that how a combined SIFT-EFM approach can be used to simulate damage initiation and propagation within composites. Earlier in section ‎2.4 SIFT was explained and introduced but a discussion of the modelling procedure to obtain the strain invariants as required in SIFT was reserved for a later section. Hence in section ‎3.3 a detailed discussion of the process of micromechanical modification is given. The last section of this chapter highlights the modelling approach that this author is planning to adopt for this study. 

3.1 Modelling strategies for adhesively bonded joints
The modelling strategy for adhesively bonded joints in general depends on the level of information that is required from the analysis and the level of complexity that can be afforded. For basic design calculations the simplest design strategies that only require hand calculations are employed. In many industrial situations the design codes often limit the analysis to simple 1D analysis. For instance most of the design strategies for adhesive joints discussed in US military hand book of composites are based on work of Hart-Smith. These design strategies employ the simplified 1D analysis of different lap joints configurations. Such modelling strategies ignore the effect of bond thickness because only axial stress is accounted for and through thickness effects are ignored. This assumption can be justified for metals if the bond thickness is considerably less than the overall thickness but for composites due to the soft polymeric matrices this assumption is hard to justify for even thin bond layer [12]. However if generous safety factors are used and the application of adhesive joints is limited to non safety critical components such strategies can be employed. One reason for acceptance of such strategies is this that these have been time tested. Secondly these have evolved mainly from aircraft industry where expensive manufacturing techniques are often employed to ensure that the simplifying assumptions remain valid. However as discussed extensively in section ‎1.1 there is an increased realization in composite community that in order to fully benefit from advance composites businesses must reduce the safety factors employed and detailed design must be done to allow the use of composites in safety critical components [34].
The design of safety critical joints often warrants a detailed FE analysis. Different techniques exist for modelling the adhesively bonded joint using FE. The most direct method is to employ commercially available finite element software that allows the designer to refine the mesh near the adhesive layer. The important factor which must be taken care of is this that the bond layer due to its significantly different dimensions can unbalance the finite element model. Hence it is important to make the mesh very fine near the adhesive layer and than making it coarser as the distance from the bond layer increases. One problem which is frequently encountered when using the displacement based FE methods is that these are generally not capable of correctly specifying the traction free boundary conditions which develop in the adherends at the edges (Figure ‎3.2). Figure ‎3.1 and Figure ‎3.2 gives an example of how to develop a simple finite element representation of a double lap joint.
[image: image11.emf]
Figure ‎3.1 A double lap joint and its quarter plane representation for FE model [12]
[image: image12.emf]
Figure ‎3.2 FE mesh of the double lap joint in Figure ‎3.1 [12]
A number of authors such as [8, 9, 11] have employed this approach of using commercially available FE codes without any modification. Once carefully meshed such approaches can estimate the strains in the bonded joints with reasonable accuracy but these standard FE programs have limited built in capability to predict failure loads or model progressive damage through the joint. Therefore it is important to develop techniques that can be used in conjunction with standard FE analysis for modelling progressive damage and predicting failure loads in the adhesively bonded joints. 
Traditionally fracture mechanics based approaches involving phase angle and energy release rates (toughness) have been used to supplement the standard FE analysis [82]. Such approaches in principle are capable of predicting crack trajectories (through or parallel to adhesive) and crack path using concepts of mixed mode fracture mechanics. However such analysis becomes fairly complex and hence often avoided by designers in general. Further more the experimental verification of the predictive capabilities of these techniques is often limited to macro scale damage. A variant of the traditional fracture mechanics approach is the cohesive zone approach. In this approach tests on bonded specimens are conducted to determine a characteristic strength in addition to the usual values of toughness. Recent studies from various authors have suggested that a cohesive zone approach can be successfully used with the standard FE analysis to predict failure loads in adhesive bonds [22, 83]. The cohesive zone approach can also be extended to include a third parameter called intrinsic strength [22]. The central idea of this approach is that as the crack propagates through the adhesive the strength of the bond will change. Each of the strength refers to a particular crack opening or crack propagation length scale. Usually only two strengths are required but a third can be necessary if the deformation prior to total failure is significant [22, 83]. In order to apply the cohesive zone approach to the composites it is important to develop cohesive zone models not only for adhesive but also for the adherends. This is because the soft polymeric matrix is often similar or same in strength properties to adhesive. And a crack may propagate in the adherend rather than through the adhesive. Similarly problems like fibre pullout outs are also common in adhesively bonded joints and need cohesive zone models to characterize the adherend strength. As pointed out by Li et al. [22] a comprehensive framework is required for the development of cohesive zone models and attempt in this regard is being made [84].  To the best of this author’s knowledge this approach has not been used for impact loaded adhesive bonds. Hence the author plans to further the study of this topic in second year to see the possibility of using this approach for study of impact damage growth in composites.
The cohesive zone approach like other fracture mechanics based approaches can be used with Mechanical Property Degradation Methods (MPDM) to model progressive damage growth. However in the next section a relatively new modelling approach, i.e. the element failure method (EFM) for progressive damage modelling is described. This method can be used in place of MPDM to model progressive damage and offers a number of advantages over the traditional MPDM. The initial study by this author suggests that it is possible to use a cohesive zone like approach with EFM for modelling progressive damage through an adhesively bonded structure. 
However the main aim of the author is to use a combined SIFT – EFM approach for modelling impact damage in adhesively bonded joints. This is a novel idea proposed by the author and has considerable advantages. It can only be explained after EFM is explained in detail. Hence the next section explains EFM. 
3.2 EFM Theory and Application
EFM was proposed in 1998 by Beisell et al. [85] for simulation of dynamic crack propagation in metals under type I impact loading. This method was later extended for application to composites and was also validated for type II impact loading of metals by Tay et al. [81]. The method was further extended for crack simulation in 3D in composites using a combined SIFT-EFM approach [69, 70]. The distinguishing feature of EFM is this that it assumes that the damaged behaviour of a material (in other words damaged state of an element in a finite element (FE) mesh) can be represented by the effective nodal forces of the FE without explicitly changing the element stiffness matrices. This method offers a number of advantages over the traditional mechanical properties degradation methods (MPDM). These advantages are discussed in ‎3.2.2 but before that, the mathematical basis of this technique is explained. Most of the discussion in the following sections on EFM is based on the work of Tay et al. [69, 70, 81, 86]
3.2.1 The combined SIFT-EFM approach
The finite element method essentially involves the determination of nodal forces for each element in an FE mesh. The forces on an element are related to displacement through the well known relationship 
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Here, f is the nodal force vector, u is the nodal displacement vector, and k is the element stiffness matrix integrated over the domain Ω
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The matrix B in equation (‎3.2) is the shape function matrix. In case of a two dimensional problem and element with ‘m’ number of nodes the matrix ‘B’ can be written as;

[image: image15.wmf]ú

ú

ú

û

ù

ê

ê

ê

ë

é

=

x

m

y

m

x

y

x

y

y

m

y

y

x

m

x

x

N

N

N

N

N

N

N

N

N

N

N

N

B

,

,

,

2

,

2

,

1

,

1

,

,

2

,

1

,

,

2

,

1

...

0

...

0

0

0

...

0

0


(‎3.3)

The two dimensional case is being shown for ease of illustration, other wise the extension to three dimensional case follows directly from the 2D case. Here
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The matrix C in the equation (‎3.2) is the matrix of stiffness coefficients ‘Cij’ 
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(‎3.4)
These stiffness coefficients relate the element stiffness to the materials elastic constants. For example in case of orthotropic materials there are nine independent elastic properties which are related to the three Young’s moduli E1, E2 and E3, three Poisson’s ratios v12, v13, v23  and three shear moduli G12, G13 , and G23.  Due to symmetry a general anisotropic material has twenty one stiffness coefficients which can than be related to the elastic properties. For a 2D problem the stiffness Cij is defined for i,j = 1,2,6. Here it must be emphasized that the 2D cases are being discussed for ease of illustrating the concept. Hence for 2D case the matrix C is,
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(‎3.5)
Using equations (‎3.2), (‎3.3) and (‎3.5) in equation (‎3.1) explicit relations for the nodal forces in x and y directions can be written, for instance for node ‘i’ the x and y component of nodal forces can be written as; 
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(‎3.6)
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(‎3.7)
Equations (‎3.6) and (‎3.7) show that for every change in the material stiffness coefficients one can find a corresponding change in the nodal forces. However the reverse is not true in general. The traditional MPDM uses the damage evolution laws to guide the change in material stiffness coefficients to represent the damaged state of material. These then translate into changed nodal forces. In EFM one directly modifies the internal nodal forces of elements adjacent to the damaged element in order to represent the damaged state of the material. The decision as to which elements are to be failed depends on the failure criteria adopted. An element in EFM can be in one of the three states
a. Undamaged

b. Partially damaged
c. Completely failed

For metals where we can write the nodal forces as;
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these damage states can be conveniently achieved by using a scalar multiplier say ‘α ’ in equation (‎3.8). Therefore for the nodal force modification scheme we can write
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Here α has the highest value (unity) just before the damage (crack tip in case of metals) enters the element and has a value of zero when the element is completely failed and the damage (crack) has propagated through the element. In case of composites it is generally not possible to define the crack tip propagation in this conventional sense secondly the use of α in this form implies isotropic material softening and is hence not suitable for use with composites. In case of composite the combined SIFT-EFM methodology adopted by Tay et al. is shown using the figures Figure ‎3.3 and Figure ‎3.4. As shown in the Figure ‎3.4 the process starts with a usual linear elastic analysis of the composite structure. The solution values from this analysis are fed into a module where the appropriate failure criterion is applied. In this case SIFT is applied after the strains have been amplified using the stored amplification factors. These amplification factors need to be determined only once for a given fibre-matrix system using micromechanical block analysis as explained in section ‎3.3. It must be mentioned here that it is not necessary to use SIFT with EFM. Any suitable failure criteria or even damage evolution laws such as those based on cohesive zone approach can be used to guide EFM. In past when SIFT was not formally proposed Tay et al used the Tsai-Wu criteria for studying low velocity impact in composites [81]. However applying SIFT for composites offer many advantages which have been discussed in detail in section ‎2.4 and section ‎2.5. Once failure is ascertained for any of the constituents the program moves to the next step where appropriate nodal force modification scheme is employed. This scheme can be changed based on experimental observation of the dominant mode of damage at micro scale. A simple yet effective scheme has been employed by Tay et al. It assumes the dominant mode of damage at micro level to be transverse micro-cracking. This failure mode implies various micro fractures within the matrix and also the fibre-matrix debonding. This assumption is valid for initial level damage. This kind of failure results in the loss or reduction of transverse load carrying capacity of the composite structure. Hence in the FE of composite such situation is represented by appropriately modifying the transverse nodal forces of the adjacent elements as shown in Figure ‎3.3b. This modification takes place by applying a set of external transverse nodal forces until the desired internal nodal force values (zero in this case) is achieved. This process typically takes less than two hundred iterations. In each step only one or two elements are failed. There need not be any preferred directions for damage propagation and all the adjacent elements can be tested for criticality in the subsequent steps. If no element fails then the applied load on the structure is increased until the next failure is detected. Failure occurs whenever any of the three J1mcrit, εemcrit or εefcrit critical values is reached (section ‎2.4.2). The J1m and εem criteria in this case signify matrix micro cracking and the εef criteria is used for matrix-fibre debonding. These criteria only represent the partial failure of the element. The element can also fail completely as shown in Figure ‎3.3c. Tay et al. assumes the element to fail completely only when the local ultimate fibre failure strain (i.e. not an effective property) has been reached and not when the εefcrit is reached. This is because when an element fails completely it represents a situation in which there is a complete loss of support from the matrix and hence the ultimate fibre failure strain. 

[image: image23.emf]
Figure ‎3.3 (a) FE of an undamaged composite with internal nodal forces (b) FE of composites with transverse matrix cracks. (c) Completely failed element [69]
[image: image24.emf]
Figure ‎3.4 Implementation flow chart of EFM [70]
3.2.2 Advantages of EFM 

As discussed in previous section EFM is different from traditional mechanical properties degradation methods (MPDM) because instead of changing the element stiffness matrix to reflect the degraded behaviour of a fractured material the nodal forces are modified directly to achieve the same end. This change in methodology to represent the damaged state of composite offers certain advantages which are discussed below. These advantages have been identified mainly from the works of Tay et al. [69, 70, 81, 86]
1. In MPDM the change of material constants in some cases result in an ill conditioned stiffness matrix and in such cases the convergence to a solution is not possible. However in EFM convergence is always guaranteed as no reformulation of the element stiffness matrix is required. 
2. Since the failed elements are not actually removed from the mesh and can still resist compressive loads the problem of interpenetration of surfaces in case of delamination does not occur. This results in significant saving of computational time and effort as contact algorithms are not required. 
3. When traditional MPDM are used it is often necessary to know the damage path in advance. This is a major concern in composites in general and adhesively bonded composite structures in particular because usually it is not possible to clearly identify and define a single crack in the traditional fracture mechanics sense. However, this is not a requirement for EFM as no re-meshing of the model is required and therefore the crack path need not to be known in advance. 
4. For MPDM it often becomes difficult to decide which material properties should be degraded. As it is not exactly known (especially for composites) which property will be affected the most. The decision as to which material properties to degrade is not an issue in EFM as no explicit degradation of mechanical properties is done. 
5. The information about evolution of damage modes and their effects from a suitable 3D failure model can be used to guide the element failure algorithm to dynamically trace crack growth in three dimensions. In this regard NDT techniques like X-ray tomography that are capable of producing a damage map at micro level in 3D can be very useful. The information from such a damage map can be used to guide the nodal force modification scheme in EFM. 
6. In order to affect the reduction of a structure’s ability to sustain load in MPDM certain element stiffness properties need to be set to exactly zero. However, when implicit FE codes are used then the problem solution involves the calculation of inverse matrices and computational difficulties are often encountered when exact zero terms are present. In order to overcome these difficulties in MPDM the stiffness values are often not set to exact zeros but to a small percentage of the original value. Such modifications are often not stated in the published results and cause corruption of results to some extent. On the other hand it is straight forward to use EFM for both implicit and explicit FE algorithms as no zeroing of stiffness matrices is done. 
7. It is computationally straight forward to guide MPDM using a failure criterion such as Tsai-Wu for application to plain strain problems. However, if three dimensional damage states are to be modelled than one needs information from a micromechanical analysis to guide the development of modified constituent relations for damaged composite materials. Although this has been attempted, the actual implementation of these techniques is quite cumbersome and has several limitations. For instance the recently published damage mechanics based approach of Iannucci [87] cannot predict matrix failure that occurs before fibre failure. In the absence of simpler and better damage/fracture mechanics models to guide the development of modified constituent relations, indirect approaches such as EFM seem to have considerable advantage.
8. The EFM is a more general method than the MPDM [86] because while a set of changes in material stiffness properties always results in identifiable changes in nodal forces, the reverse is not true for EFM. Hence a failure progression traced by modifying nodal forces in EFM accounts for more than just reduction in stiffness properties. Hence factors like increase or decrease of internal friction; local interlocking of lamina layers and even the change in effective stiffness due to manufacturing defects can be accounted for intrinsically [86]. 
9. EFM can be readily implemented in commercially available FE packages since only nodal force modification is done. As clear from Figure ‎3.4 the whole nodal force modification including the application of SIFT can take place as a post processor activity. In simpler words for each time increment there need not be any re-meshing of the model, only the boundary conditions for certain elements will be revised according to the nodal force modification scheme adopted. This can result in significant savings in terms of computational time. In case of larger problems requiring the use of parallel frontal algorithms EFM should not add to complexity. In fact the complexity should reduce since the stiffness matrix need not be revaluated for each sub-domain and only the boundary conditions should be changed. It should be noted however that the use of EFM has yet not been reported with parallel processing systems. This author suggests that an independent project to quantify the advantages gained in term of computational time (due to avoiding contact algorithms and the lack of need to reformulate stiffness matrices) can be proposed for EFM to assess its relative merit in this regard.
3.3 Micro mechanical modifications
In section ‎2.4 the strain invariant failure theory was introduced. The relationship of strain invariants with the failure mechanism of composites was discussed in section ‎2.4.1. And the strain invariant failure criteria were formally stated in section ‎2.4.2. It was emphasized that in order to correctly determine the strain invariants the meso level strains from a typical finite element analysis must be amplified with the relevant amplification factors to reflect the constituent level strains. The process of obtaining these constituent level strains is termed as micro-mechanical modification and is explained here using Figure ‎3.5. 
In this figure εt refers to the nodal strains due to thermal loads and εmech refers to nodal strains due to the applied mechanical loads. These strains (εt and εmech) are obtained from a conventional meso level (homogenised lamina level) FE model of the structure to be analyzed. In the post processor these strains are transformed from global coordinates into material co-ordinates (shown by ε’t and ε’mech in Figure ‎3.5).

[image: image25]
Figure ‎3.5 Micromechanical and thermal strain modification process
Thermal strain amplification factors and micro mechanical strain amplification factors are obtained from an independent analysis of representative micromechanical FE blocks as will be explained in section ‎3.3.1. All amplification factors are computed once for a given set of environmental conditions and saved for subsequent analysis. In case of strains due to applied mechanical loads (ε’mech) the amplification factors for the twelve critical locations (shown in Figure ‎3.7) are multiplied repeatedly with (ε’mech) to obtain twelve amplified strain in material coordinates. The ‘
[image: image26.wmf]Ä

’ sign in the figure represents this multiplication process. In case of strains due to applied thermal loads micro mechanical residual thermal strain are first obtained from the computed thermal amplification factors. These are than superimposed on ε’t to obtain the twelve micromechanically amplified thermal strains at the critical locations (shown in Figure ‎3.7). The ‘
[image: image27.wmf]Å

’ sign in this figure represents this superimposition process. Once the amplified applied mechanical and thermal strains are obtained for an element in the material coordinate system it is only a matter of transforming them back to global coordinate system using standard transformations. The strain invariant values as required by SIFT are evaluated for the critical locations from these amplified strains using the relations given in section ‎2.4.1 and these values are compared with the experimentally determined critical values of these invariant to check for failure (Figure ‎2.2). 
3.3.1 The critical locations and calculation of strain amplification factors
Although it is possible to derive analytical relations for some of these amplifications factors especially for the fibres as proposed by Hart-Smith [45]. It is far more convenient and time saving to obtain the required amplification factors using a micromechanical representative FE model of the composite. This representative model defines the distribution of stresses, strains and invariants in the constituents as a function of boundary conditions established from higher level analysis. The model is unique for a given,
1. Fibre – matrix system (i.e. a change in material properties of constituents require a new model)

2. Fibre volume fraction 

3. Fibre array – usually square, diamond and hexagonal arrays (Figure ‎3.6) are considered

[image: image28]
Figure ‎3.6 (a) Square array (b) Diamond array (c) Hexagonal array

As shown in Figure ‎3.5 and discussed in detail in section ‎2.4 two type of amplification factors are required that is
a. Mechanical strain amplification factors 

b. Residual thermal strain amplification factors
Both these amplification factors are generally determined for the twelve locations shown in the Figure ‎3.7. The location F1 through F8 signify the fibre-matrix interface, the location F9 is at the centre of the fibre (assumed to be circular), the location ‘IF1’ and ‘IF2’ are inter-fibre locations and ‘IS’ is the interstitial location. The reason for choosing IF1, IF2 and IS positions in the matrix is this that these signify the resin starved and resin rich zones respectively and have different failure characteristics. It is necessary only to calculate J1 invariant for the location IF1, IF2 and IS within the matrix as it has been experimentally observed that only the matrix failure dominated by volumetric expansion is determined by J1 criteria (see also ‎2.4). The values of εe are determined for all twelve locations. The values of εe for the locations IF1, IF2 and IS are designated as εem where ‘m’ signifies predominant matrix cracking and the values of εem for the locations (F1 through F9) are donated by εef. This critical value of εef for location F1 through F8 represent not only the fibre failure but also of the matrix material very near the fibres as critical value of εef is an effective property (like all other critical values used in SIFT) However, there is not sufficient experimental evidence to claim that the εef for location F1 through F8 represent interface failure [69]. The micro tomography test being conducted by this author may also provide some valuable information in this regard.

[image: image29.emf]
Figure ‎3.7 Locations for determination of amplification factors [70]

[image: image30]
Figure ‎3.8 Identifying the critical locations for various fibre arrays
In addition to these locations in case of excessively thick layers of parallel fibres it is worth while to calculate the amplification factors for locations shown in Figure ‎3.9. This is because in such cases the most critical location in the matrix is between the fibres at a change in direction rather than between parallel fibres. These models must be specific to the angle of change in fibre direction and are normally constructed for a change between 0o and 90o or 0o and 45o only because the model becomes very complex for other angles. In principal it is possible to construct the micromechanical models of more complex fibre architecture such as woven fabrics and use them directly (instead of using unidirectional fibre micromechanical models) with SIFT. At present however no such model has been verified convincingly [52]. If time permits after the initial objectives of the study are achieved. The author plans to pursue this end as well.

Six mechanical and six thermal strain amplification factors are determined for each of the twelve locations. The general procedure as proposed by Gosse and adopted by various authors is explained below [38, 52, 69]. 
If for example the amplification factor in ‘1’ direction is required Figure ‎3.10 then the ‘2’ and ‘3’ directions are completely constrained and the model is given prescribed displacement in ‘1’ direction. The resulting strains at the twelve locations due to this displacement are recorded and normalized to obtain the strain amplification factors. Similarly the amplification factors for ‘2’ and ‘3’ directions and for the three cases of shear loading are obtained. In order to get the thermal amplification factors all the faces are constrained from expansion and a thermo-mechanical analysis is performed by prescribing a unit temperature difference above the strain-free temperature. In this way for each fiber array a total of 144 (12 location and 12 factors for each location) amplification factor are calculated and stored for use in subsequent analysis. If more than one array is considered than the number of amplification factors will increase accordingly. 
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Figure ‎3.9 Modelling of Critical Locations in Resin Matrix at Changes in Fiber Directions [34]
[image: image32.emf]
Figure ‎3.10 Obtaining the mechanical amplification factors by (a) Prescribing normal displacements and (b) prescribing shear deformations. [70]
3.4 The proposed modelling strategy
EFM has been applied to study delamination in composites under impact loading using an EFM-Tsai Wu criteria approach [81]. However its application for adhesively bonded joints has not been reported yet. As evident from the forgoing discussion this method can be directly applicable for analysis of impact damage in adhesively bonded joints. The presence of an adhesive layer does not make any difference to the maths involved in the problem. The only thing that needs to be ascertained is whether the J1crit and εe crit values can be directly applied to the adhesive layer. The effective critical values for these parameters need to be determined experimentally in a similar same manner as done by Gosse [38] for coupons without an adhesive layer. 

Inferring from the observations made by Chai [80, 83] about the behaviour of polymeric adhesive this author suggest that it might be possible to use J1mcrit and εemcrit for the adhesive layer if, 

1. The polymeric matrix and the adhesive are the same material

2. The bond thickness reaches the values of the matrix thickness between the lamina layers.

If the polymeric matrix and the adhesive used are not the same material then separate tests must be done to determine the critical values of J1a and εea. (Superscript a refers to the adhesive layer) In this case micromechanical block analysis must also be appropriately modified to compute amplification factors for the adhesive layer. 

Another approach which can be attempted is to use multiple failure theories for the three constituents i.e. the adhesive, matrix and the fibre (Figure ‎3.12). Such an approach involve 
1. Using EFM to conduct the overall analysis 

2. Using SIFT to guide EFM in the adherends to model all failure modes except ultimate fibre failure after the fibres loose support from matrix. This is because it has been shown by Tay et al. [69] that this failure mode can be more adequately represented by using a failure criteria based on ultimate fibre strain rather than using the critical invariants used in SIFT. 
3. Using failure criteria based on a characteristic and intrinsic strengths derived from the cohesive zone type model to guide EFM in the adhesive layer. 

On the basis of advantages of EFM discussed in section ‎3.2.2 and the discussion of various failure criteria in chapter 2 (especially the advantages of SIFT mentioned in section ‎2.5) this author suggests that EFM is used as the technique to model progressive damage. However instead of adopting any single failure criteria it is proposed here to compare three different models shown in Figure ‎3.11, Figure ‎3.12 and Figure ‎3.13. Such a comparison for adhesively bonded composites under impact loading has not been attempted before. Moreover the ability provided by tomography to verify the results at a micro level in addition to macro level makes the exercise really meaningful and unique. Hence this study is an attempt to find a suitable modelling strategy for adhesively bonded composites and expects to give solid recommendations to industrial users on the use of such methodology


[image: image33]
Figure ‎3.11 Modelling strategy 1


[image: image34]
                    Figure ‎3.12 Modelling Strategy 2


[image: image35]
                     Figure ‎3.13 Modelling Strategy 3
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Chapter 4: Damage Characterization

One major objective of this study is to experimentally investigate the damage initiation and growth in adhesively bonded composite structures. Hence this study seeks to use a non-destructive technique (NDT) that will allow visualization of damage in 3D at a micro-level. A further aim is to observe how the micro level damage grows into macro or visible damage. In this regard the use of X-ray micro tomography (XMT) at micro-level and a combination of standard X-ray Tomography and C-Scanning at a macro level is suggested. This chapter mainly discusses the results of experiments that were carried out using a commercial micro-tomography machine in order to gain training on the equipment and to access the capabilities and limitations of this technique for the current study. It also gives a review of how various researchers have used this technique for damage characterization in composites. However, prior to going into the details of experimental and theoretical findings the fundamentals of XMT and the physics of the process are explained briefly. This will help in explaining the reasons behind the limitations and capabilities of the process as assessed by the current author. 

4.1 X-ray Tomography 
Computed tomography (CT) refers to the cross-sectional imaging of an object from either transmission or reflection data [88]. The process involves reconstructing an image from its cross sectional projections. There are various types of tomography depending on the type of technique used to obtain the projections. For example if the projections are obtained by illuminating the object using X-rays the process is called X-ray tomography (X – ray CT or XCT). Whereas if the reflection or transmission data of sound waves travelling through a material is used to obtain the projections, the process is called Ultrasound CT. Similarly if electromagnetic waves (produced due to magnetic resonance of the nucleus in an atom) are used to obtain the projections the process is called Magnetic Resonance Imaging (MRI). All of these different tomographic techniques are essentially based on the same principle that is to reconstruct the cross-sectional image of cross-sectional variation in some material parameter such as the attenuation coefficient ‘μ’. The reconstruction algorithms employed for X – rays and sound waves will be different in general because x – rays are non-diffracting whereas sound waves are diffracting. Similarly the imaging capabilities of both the techniques are different due to the difference in the way they interact with matter through which they pass and due to the difference in the way the radiations can be detected.
X – Ray CT has been in wide spread use in the medical industry since the early 1970’s [88]. Since then there has been a rapid advancement in the technology mainly in terms of better computational algorithms to construct the image from the projection data. This has resulted in better image quality (greater number of pixels – higher spatial resolution), and increased clarity (number of grey shades - higher contrast resolution).

In recent years X – Ray CT has also found increased use in non-medical applications, especially for Non-Destructive Testing of materials (see for example [25, 89, 90]). A crack or flaw in a finished component such as helicopter motor rotor blades can be conveniently detected using X – ray CT systems [91]. However the demands that an industrial scanner needs to satisfy are often different from the demands from an X – ray CT system in a research lab. Table ‎4.1 compares the typical demands encountered in these two situations. These demands can vary significantly from industry to industry and within various research environments. As can be seen from Table ‎4.1 R&D scanner need much higher geometric and contrast resolution. In order to satisfy this demand X-ray computed micro tomography (XMT) was introduced. XMT refers to the version of X – ray CT used to obtain a resolution of less than 100 μm [90]. 

There are two variants of XMT. One uses conventional x – ray source and the other employs x – rays from a synchrotron source. When a conventional x - ray source is used the minimum geometric resolution
 achieved is usually between 5 to 10μm and usually a fan or cone beam is employed.
	
	Requirements for an Industrial Inspection XCT scanner
	Requirements for an XCT scanner in a research and development environment

	1.
	Enough geometric resolution to detect damage as required by safety standards. (e.g. 0.2mm to 0.3mm delamination should be detectable for the case of helicopter motor rotor blades)
	In addition to macro damage, damage detection at micro level is also desirable (e.g. micro-cracks ≈ 1 – 10 μm, Fibre damage ≈ 5 – 40 μm) 


	2.
	Enough contrast resolution so that the various phases such as voids within matrix are distinguishable from embedded fibres.
	Excellent contrast resolution required (e.g. a density map may be required to access the suitability of the manufacturing method or to compute porosity distribution). Further more a wider scale for CT numbers might be needed to enable better recognition of different phases especially when the attenuation coefficient of constituents is similar (such as for carbon fibres in Epoxy resin) 

	3.
	Economy of the system so that the test cost is only a small fraction of the manufacturing cost. 
	Can represent a substantial portion of research projects over all cost.

	4.
	Short examining times for a component (This is essential for economic viability of the scanner)
	Shorter scan times preferable but not essential as image details obtained are often worth the extra time spent.

	5.
	Ease of operation and mobility
	Mobility is generally not required

	6. 
	Larger field size, so that components of reasonable size can be inspected (100 – 500 mm usual size)
	Enough field of view to inspect reasonably sized lab specimens (10 – 100 mm usual size)

	7.
	High power to achieve greater penetration (usual sample heights up to 10 mm) 
	For most purposes can do with lower powers than the industrial counter part due to smaller samples.


Table ‎4.1 Comparison of requirements for an industrial inspection XCT scanner and an XCT scanner in R&D environment
The conventional sources cannot generate monochromatic and parallel x-ray beams and hence the images from conventional sources contain beam hardening effects and other artefacts due to the beam geometry (fan or cone). The images can be improved using better reconstruction algorithms or by employing novel methods such as the “time delay integration” (TDI) readout method for the CCD camera [89] but even with these techniques the small difference in attenuation coefficients of constituents and less X-ray absorption poses a problem for studying composite materials. The synchrotron source gives a nearly parallel, monochromatic beam with very high intensity; this allows a resolution of less than 1μm to be obtained and results in images free from the various artefacts that are present when a conventional source is employed [93]. However there are certain limitations associated with the use of synchrotron sources, first of all the number of available synchrotron sources is very limited and not all of them have stations for X-ray tomography (e.g. in UK at present there is only one synchrotron source at Daresbury but it does not have a station for 3D refractive tomography), due to this only a very limited number of researchers can gain access to these facilities. The second main limitation of using synchrotron sources is the sample size and shape. Most of the synchrotron sources limit the specimen shape to be cylindrical and the specimen sizes are so small that it is difficult to do meaningful damage growth studies. Some studies have demonstrated the use of synchrotron source for non-cylindrical specimens but the results are not very impressive. At the current state Synchrotron sources are perhaps more suitable for material micro-structure studies rather impact damage studies. None the less they still represent an area whose potential is largely unexplored. 

The XMT scanners using conventional sources can be very useful for observing micro-level damage in composites but with certain limitations [94]. In general the technique can be used to identify and quantify both manufacturing and in-service defects. A specimen can be repeatedly scanned under increasing in-situ loads to study the mechanisms for progression of failure at a microscopic level. [89]. These scanners normally employ a micro-focus tube to obtain a very small beam spot size ≈ 5 μm. High resolution (1024 x 1024 typical) cameras are than used to obtain an image which is many times better than obtained through ordinary XCT scanners. Several new techniques have been developed to remove the artefacts that are produced due to polychromatic beam and due to beam geometry [89]. Most of the commercially available scanners require that the entire specimen remain in the field of view this seriously limits the specimen size for high resolution. Davis however developed a technique to over come this problem [89] but currently the author does not have access to the instrument developed by Davis. In section ‎4.1.3 the details of the scanner used in this study are discussed. But first the measuring principal of XMT is described in the next section.
4.1.1 Measuring Principles of XMT 

The purpose of this section is to briefly describe the measuring principles of XMT. For a detailed discussion of the principles of tomography the reader is referred to relevant literature such as [88, 90].

[image: image37]
Figure ‎4.1 Principle of third generation XMT [95]
Figure ‎4.1 illustrates the working of a third generation XMT scanner. The X – rays from an X – ray source with micro focus arrangements pass through the component. On passing through the component each beam undergoes a change in intensity. The intensity of radiation coming out of the component is detected by the linear or area detector arrays. Hence a projection of the cross-section of the component is formed at the detector. The component which is placed on a precision object manipulator is rotated to give another cross-sectional view. The data for each projection is stored on the computer and a suitable reconstruction algorithm is employed to reconstruct the 2D or 3D image from the data. 

Like all rays, when X – rays pass through a material some of them get absorbed in the material, some get reflected back and some are transmitted through the material. The number of X – ray photons which get absorbed in a material mainly depends on the energy of the photons, the electronic configuration and the density of the material under observation. Therefore when x – rays pass through matter they loose their intensity or in other words get attenuated. The attenuation characteristics of every material are different and are indicated by the attenuation coefficient μ of the material. The Lambert-Beer’s law states that slices of equal thickness and equal material (same density) in the beam path will absorb the same amount of radiation [91]. Hence for a given material we can define the terms mass attenuation coefficient (μ/ρ) to be the attenuation coefficient per unit density of the material. Now when the x-rays pass through a component then depending on the internal geometry and the type of constituents it will get attenuated to varying degrees. The change in local intensity of x- ray beams is given by 
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In this equation µ(s) represent the linear attenuation coefficient on a point s along a beam path (ray). Integrating this equation gives the dependence of x-ray radiation leaving the object on the attenuation coefficient of the material
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Here Io is the intensity of X – rays originating from the source. Is is the intensity after it emerges from the object travelling along the beam path ‘s’ through the object. The central problem in tomography is to find out the value of µ(s) from the values of line integral. Hence the value IS / IO is measured when x – rays fall on the detector and a single projection is recorded from these values. Waves entering the object from different directions will undergo different degree of attenuation and hence the value of the line integral will be different for the same point in the material due to different beam paths. If sufficient number of projections are available than the value of µ(s) can be found out mathematically at each point within the material. This is termed as the reconstruction process. In equation (‎4.3) ‘P(θ,n)’ represents the projection value for the incident angle ‘θ’ of x–rays formed at the detector position ‘n’ (i.e. corresponding to the output voltage from the detector at position ‘n’). 
In order to obtain successive cross-sectional projections either the source (fan beam) or the object (cone beam) is rotated. It is usual to use an angular increment of 0.5o; smaller increments can be used if the object is known to have complex geometric or density distribution. A full 360o sweep is required for non-symmetric objects, whereas only 180o sweep is sufficient for symmetric objects. The projection data is stored and appropriate reconstruction algorithms (filtered back projection algorithm is most commonly used) is employed to create either a two dimensional or full three dimensional reconstruction of the object. (For detail of reconstruction algorithm please refer to [88] chapter 3). The reconstruction process essentially displays the distribution of the attenuation coefficients within the material in the form of an image matrix. The grey level of each pixel in the image matrix corresponds to the different attenuation of the X – rays. Therefore the greater the number of grey scales possible the easier it will be to detect even the small change in attenuation. These days most of the cameras available for conventional XMT are 10 or 12 bit [95]. The cameras used with synchrotron radiation sources (such as the one at Paul Sherur Institute - PSI) are 14 bit [96]. This allows for better contrast in the resulting images. An important thing to note here is this that each pixel actually contains information about a 3D volume element often referred to as voxel. The voxel size essentially determines the limit of geometric (spatial) resolution. It is possible to detect features smaller than the voxel size based on contrast information as will be explained in section ‎4.1.2.

As discussed the attenuation coefficient also depends on the energy of photons, this means that if the attenuation coefficient is employed directly for a CT-Scan than the image matrix will not be in a standard translatable form. Also the attenuation coefficient is not necessarily an integer. Therefore for purpose of standardization the CT – Scanner does not directly employ the attenuation coefficient when the image matrix is formed instead the values used are integer values called as the CT-numbers. The CT number also called as the Hounsfield number is defined as
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In this equation 
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 is the reconstructed attenuation coefficient at the energy level employed in test. 
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 is the attenuation coefficient of water at a photon energy of 73keV. Therefore by definition water has a CT number of zero and air has a CT number of -1000. The CT number of GFRP ranges from 1200 to 1400 depending on the fibre volume fraction, and that of carbon fibre range from only 300 to 500 [91].

4.1.2 The resolution of X – ray CT system

There are two measures of resolution in a CT – Scan. One is the spatial or geometric resolution and the other is the contrast or density resolution. In order to understand these consider the example in Figure ‎4.2. 

[image: image44]
Figure ‎4.2 Geometric vs. Contrast resolution
All these lines have the same spatial width (1pt), but they offer different level of contrast with the white background. Since black light gets absorbed the most and offers the greatest contrast, line A is most clearly visible. On the other extreme line C ‘light yellow’ offers the least contrast with white background and is visible very poorly. Both spatial and contrast resolution are linked. A poor contrast e.g. line C renders the same spatial dimensions invisible.
The spatial resolution can be described as the smallest separation at which two points can be distinguished as separate entities. The limiting value of the spatial resolution is determined by the design and construction of the system and by the amount of data and sampling method [91]. The contrast resolution can be defined as the smallest attenuation difference that can be detected by the CT - system. In other words it is the smallest density change that can be detected. It not only depends on the type of scanner and X – ray energy / wavelength but also on the X – ray absorption of the component being inspected. The resolution of XMT scanners is usually defined in terms of three parameters. These are;

· The resolution of the CCD camera 
This includes both the number of pixels and the number of possible brightness gradations (number of bits per pixel). These days it is usual for XMT scanners to have 1024 x 1024 pixel scanners with 12 bits per pixel. This gives a possible number of 4096 possible brightness gradations. This means a fairly large scale for CT- numbers. In case of synchrotron radiation sources such as at Paul Sherur Institute (PSI) the cameras are usually 14 Bits per pixel with a detector resolution of 2048 x 2048 pixels [96]. This results in better contrast between the various phases which means clearer images.

· The voxel size
The minimum achievable spot size of X – rays (in 3D) at focus is called the voxel size. It is usually not possible to detect any geometric feature smaller than the voxel size. Therefore this is also a direct measure of geometric or spatial resolution. 
· The contrast resolution
The contrast resolution of an X – ray CT system is the ability of scanner to differentiate between voxels within the image on the basis of differing attenuation coefficient. It is generally expressed in terms of MTF (Modulation transfer function). In order to resolve the density difference (or in other words various material features such as voids, micro-cracks or fibres) it is not necessary that the entire voxel belongs to same material. Depending on the difference in attenuation between the various constituents the various constituents within a voxel can be resolved even if the feature size is about 10% of the voxel size [97]. This means that if the minimum voxel size is 12.5μm features (such as micro cracks) as small as 1 – 2μm can be resolved given that there is enough attenuation difference between the constituents to sufficiently lower the attenuation coefficient within the voxel to be detected by the detector. For fibre composites such as glass fibre composites the contrast resolution is usually limited to 20% of pixel width [94] because of poor absorption coefficient. Poor contrast resolution can happen when the exposure to X rays has not been long enough. This is because in XMT the spot size is very small hence the output is low. For a given specimen size, there is a fourth order law governing the relationship between the resolution and the required X-ray exposure to achieve a certain contrast resolution for a given sized specimen. These two conditions together mean that XMT scanners must either produce images with poor contrast resolution, small specimen size (in terms of numbers of pixels) or have very long exposure times. If several projections are averaged to increase exposure times it increases the non-linearities which cause image degradation. The exposure can be significantly increased if synchrotron radiation is used. This is another reason why synchrotron radiation enables better resolution of various constituents [89]. 

4.1.3 Specifications of the XMT system

Figure ‎4.3 gives a schematic representation of the XMT system used for this study. This system (HMXST 225) is supplied by X-Tek systems Ltd and is based at the Manchester Material Science Centre (MMSC) tomography lab (A22). Figure ‎4.3 also shows the digital photographs of the key components of this system. Table ‎4.2 gives the technical specifications for these key components. AEA Technology’s software, ‘TOMOHAWK Version 4’ was used for image handling and CT reconstruction.  The control console consisted of a Pentium PC running Windows NT with 256 Mb RAM, a 20 GB hard disk for data storage and a 1024 ( 1024-pixel image capture board.  The 20 GB hard drive is now supplemented by an additional 160 GB portable hard drive which connects through an IEE1394 fire-wire interface.
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Figure ‎4.3 Various components of the XMT system used in this study [98]
A 1024 ( 1024-resolution display was used to view the results.  Control of the X-ray source was with X-Tek Systems’ iXS software, while the camera and manipulation stage were controlled with Tomohawk. The software used for generating 3D surface models, creating video animations and other image processing tasks is Amira version 3.1.1. Other image processing routines like that for finding volume fraction were programmed using the Matlab version 6. 
	Component
	Brief Description and Specifications

	X – ray Source
	A micro-focus X-ray source with minimum spot size (voxel dimensions) of 5 – 10 μm for a maximum energy of 225Watt. 

	
	The choice of using one of the four targets, i.e. Tungsten, Copper, Gold, and Molybdenum for X – ray source. The required target can be selected by simply rotating an adjustment screw near the tip of micro-focus tube.

	
	Tube potential in the range 25-225 kV and tube current in the range 0.01-2 mA 

	
	Aluminium, copper and gold filtration of the beam is possible up to a thickness of 2 mm.

	The Manipulator 


	A 5-axis motorised manipulation stage supplied by AEA Technology plc for sample handling. The possible axes of motion are

Horizontal X axis, Vertical Y axis, Magnification Z axis. 

Rotation ‘θ’ about X and Z – full 360o possible

Tilt ‘β’ about X and Y axis.

	
	The accuracy of the turntable and linear stage was 0.05( and 1-2 (m respectively, with a load capacity of 25 kg

	
	Max focus-to-object distance = 1 m

Max geometric magnification =160( 

Max System magnification up to 400(.  

	Imaging System
	The imaging chain consists of an image intensifier, optics and digital CCD camera.  

	
	The image intensifier is a Thomson TH 9464 HX, with a field of view of about 115 mm, a resolution at the centre of 70 lp/cm and a CsI-scintillator entrance screen. A choice of using Be or Al based detectors. The BE detector is used for low energy scans (for soft materials such as polymers). The image intensifier is screw clamped on a rail and the distance can be altered depending on the input energy being used. However the normal setting at the last hole is 562 mm away from source.

	
	The camera was an Adimec MX12P 12-bit high-resolution digital video CCD camera, with 1024 ( 1024 pixels. 


Table ‎4.2 Specifications for the XMT System used in this study
4.2 Industrial and research applications
X – Ray CT although not as widely used as ultrasound scans has been used successfully in many industries. For instance Eurocopter Deutschland (ECD) uses it routinely for the design, series production and maintenance of helicopter rotor blades that are made of composites [91]. ECD has been using a medical scanner from as early as 1979 for testing its thick walled monolithic composite components.  Due to the increased used ECD decided to buy its own medical scanner in 1993. Although ECD uses a conventional medical scanner (shown in Figure ‎4.4) it was able to achieve most of its targets such as economy of the system, detection of delamination of 0.2 – 0.3 mm, detection of fibre waviness inside the components, detection of small cracks inside the component (not the fibre cracks), bond integrity in case of bonded joints and indirect measurement of low-fibre volume components (in case of GFRP and CFRP components). Although these targets are modest when compared to the requirements for an XMT scanner (see Table ‎2.1) but even these results demonstrate that X – ray CT is a very useful NDT technique especially for use with composite structures.
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Figure ‎4.4. Scanner used by ECD for tomographic NDE [91]
[image: image48.jpg]



Figure ‎4.5 Identification of wavy laminates [91]
Figure ‎4.5 shows fibre waviness at the inside of fibre main rotor blade as detected by the conventional (medical) scanner at ECD. Fibre waviness is an important manufacturing defect that can significantly limit the load carrying capability of composite components because it allows the fibres to fail due to bending loads. 

Figure ‎4.6 shows how conventional CT can be used investigate bonded joints. Two configurations are shown one is a co-cured adhesively bonded joint and the other uses an adhesive foil. 
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Figure ‎4.6 Identification of good integral meshing in bonded joints [91]
Good integral meshing of the co-cured component is evident from the smooth transition between the adhesive and adherends. However this may not be sufficient to ensure bond integrity when a film adhesive is used. For instance if there is moisture on the adhesive film prior to bonding and the moisture is not allowed to escape while curing than although there will be intimate contact but no adhesion [99]. So the process is unable to determine the true structural integrity of a bonded joint at a macro level tomographic examination but when bond integrity is known in advance it may provide information of any subsequent damage that results in crack or delamination in the bonded joint. 

Other application areas for conventional X – ray CT include for example NDE of gas turbine blades for the Dutch electricity companies by KEMA Nederland B.V [100] and non-destructive quality assurance and damage assessment of armour components by the Army Research Laboratory (USA) [25]. The armour components present a very interesting case because these materials pose a challenge to the usual NDT techniques like ultrasound due to the entirely different physical properties of the encapsulating Metal matrix composites (MMC) and the encapsulated ceramics. Using X – ray CT it was possible to detect damage in both the encapsulated and encapsulating materials. Using the 3D capabilities of X – ray CT it was possible to precisely locate damage within the material.
XMT is still not being widely used in industrial environment, however it has been applied successful by researchers for various applications including materials and mechanics related applications. Stock [90] has given an extensive review of application of XMT in various engineering disciplines. More recent advancements in XMT applications have been reported by Schilling et al [94]. 
Metal matrix composites lend themselves more suitable for XMT examination because the higher X – ray absorption coefficients of these materials and the greater attenuation difference between the constituents makes it easy to identify material features and defects. Hence a lot of literature dealing with characterization of various forms of matrix as well as fibre damage can be found (see e.g. [101-104]). In addition parameters to access manufacturing quality such as void contents and fibre distribution have also been calculated using XMT techniques in MMC and Ceramic matrix composites [105], [106]. Some of these studies have been conducted using conventional XMT and some using synchrotron radiation source. More recently with increase in achievable contrast and geometric resolution the researchers have focused their attention for studying polymeric matrix composites using XMT. Polymeric matrix composites such as GFRP and CFRP have numerous applications. The application areas are diverse and include for example sports goods, ship structures, aircraft components, car body panels, wind turbine blades, helicopter component and many others. Other polymeric composites such as boron fibre composites have less but more specialized applications for example in aerospace industry. As demonstrated by the examples in the start of this section conventional CT is being used successfully for various applications. XMT attempts to go one step further than conventional CT and helps in visualizing fibre and matrix damage separately. 

[image: image50.emf]
Figure ‎4.7 A 3D view of  uni-directional GFRP using synchrotron radiation source [107]
(volume fraction 55% and mean fiber dia 15.6 μm)

Figure ‎4.7 shows a 3D XMT view of a unidirectional GFRP sample using synchrotron radiation source [107]. As can be seen glass fibre whose average diameter was only 15.6μm were clearly resolved and reconstructed. The author was able to measure fibre diameter distribution, fibre volume content and porosity in this experiment. However it must be remembered that since this test was conducted using a synchrotron radiation source the sample size was only 1mm​​3. For impact damage testing the sample size must be many orders of magnitude larger than this. Therefore, such clarity may not be reasonably expected for XMT tests using a conventional source. Figure ‎4.8 shows a 2D slice cut perpendicular to the fibre direction of the same sample whose 3D section is shown in Figure ‎4.7.
[image: image51.emf]
Figure ‎4.8 A 2D Slice of the sample shown in Figure ‎4.7
As discussed earlier XMT results are very sensitive to the attenuation difference between the constituents. For example although the scan shown in Figure ‎4.9 and Figure ‎4.10 were done at the same synchrotron beam line (PSI), with similar sample size (12.5 x 3.5mm2) and a beam energy of 12keV (sufficient for X – ray transmission of approximately 20% for the largest absorption length as the sample were not cylindrical) the results obtained in terms of contrast resolution are quite different. The jute fibres in a polyester resin offer significant contrast to enable the generation of a 3D surface representation (see Figure ‎4.11), while the flax fibre in duroplastic resin offer very little contrast. 
[image: image52.emf]
Figure ‎4.9 2D tomographic slice of Jute fiber reinforced thermoplastic sample [108]
[image: image53.emf]
Figure ‎4.10 2D tomographic slice of a Flax fibre reinforced Duroplastic sample [108]
[image: image54.emf]
Figure ‎4.11 3D surface representation of the sample in Figure ‎4.9 (The depth of view is 0.35mm)
Polymeric matrix composites have also been studied using conventional source XTM with some success. For instance Symons and Davis [4] successfully used XTM for damage characterization for fatigue testing of impact damaged T300/914 CFRP samples. Figure ‎4.12 and Figure ‎4.13 shows four ‘tomographic slices' each, taken through the centre of the impact damaged zone at 0.58 mm intervals. To enhance the definition of cracks the greyscale of each pixel has been averaged over a 10 pixel depth (0.58 mm). In Figure ‎4.12 cross-sectional views of a moderate level impact damaged specimen are shown. The damage is barely visible on visual inspection. While Figure ‎4.13 shows a more severely impacted specimen. The damage for this specimen was clearly visible on the surface. However, as shown in these figures XMT allows the user to see how delamination damage has propagated through the structure. Such information when combined with the fatigue test data can be very useful for inspection of in service components and can help in reliable estimate of remaining product life.
[image: image55.emf]
Figure ‎4.12 Various cross sectional views of an impact damaged T300/914 CFRP using conventional source XTM for the case of medium damage (BVID) [4]
[image: image56.emf]
Figure ‎4.13 Various cross sectional views of an impact damaged T300/914 CFRP using conventional source XTM for the case of  severe damage (VID) [4]
As can be seen from the figures carbon fibres could not be resolved in this image owing to similar attenuation of carbon fibre and epoxy resin. The images are other wise of reasonably good quality with no artefacts or graininess. Derby and Wilkinson [109] also attempted to observe impact damaged CFRP specimens but were not able to resolve carbon fibres. However they were able to observe delamination damage without the need for any contrasting agent due to the use of new scanner developed by Davis and Elliot [110]. Studies with GFRP specimens have been reasonably successful. For example Rosenfiled [111] was able to resolve fibre tows and matrix in impact damaged specimens but was not able to resolve fibre damage due to low resolution of the scanners at that time. Modern scanners can more clearly resolve (see for example Figure ‎4.7 and Figure ‎4.14) the fibre tows hence increasing the possibility of characterizing fibre damage. Other XTM studies on polymeric matrix composite include the measurement of fibre tow waviness in GFRP [112] and crack propagation around the woven composite structure in a T-sample [113] by Bossi et al.
[image: image57.emf]
Figure ‎4.14 Glass fiber tows in a GFRP specimen using a conventional source XTM [94]
Figure ‎4.14 [94] shows a 3D volumetric reconstruction of GFRP specimen. The matrix is rendered invisible in order to clearly show the unidirectional fibre tows (bundles) (shown in light grey). The voids can also be seen clearly (the dark grey spheres). However it must be noted that the specimen size for this scan was only 1.6mm x 0.5mm. In addition to the above results Schilling et al. has also studied damage mechanisms such as delamination damage and lateral damage in bolted Graphite/Epoxy specimens and micro-cracking in IM7/5555 graphite/Epoxy composite with a layer of adhesive using a commercially available XMT scanner [94]. Fibre damage was not resolved in these studies due to the poor contrast between graphite and epoxy. The micro-cracking of the order of 5 – 10µm was detected without any dye penetrant but smaller micro cracks (Figure ‎4.15) of the order of 0.5 – 1µm were only detected using a dye as a contrasting agent.  Figure ‎4.15 shows a 2D slice view of micro cracks (using a dye penetrant) 
[image: image58.emf]
Figure ‎4.15 Detection of micro cracks (0.5 - 1um) using XMT [94]
The point being emphasized through all these examples is that XMT both synchrotron and conventional can be a very useful technique but with known limitations. The limit of resolution for conventional source XMT scanner can be enhanced but are none the less, smaller than the resolution of scanners using synchrotron radiation. Microcracks and smaller voids may be reliably detected for any matrix using a dye penetrant where necessary. Whether fibre damage can be resolved or not mostly depends on the contrast between the matrix and fibres. In case of Carbon/Epoxy specimens it is extremely difficult to visualize carbon fibres and to the best of the author’s knowledge no previous study has reported any such findings.
4.3 Results
The XMT scanner used in this study is discussed in section ‎4.1.3. The author has performed various experiments using a variety of samples in order to qualitatively access the capabilities and limitations of this equipment. Several limitations were identified and a number of solutions have been proposed. These will be discussed in this section. 

4.3.1 Calculation of Porosity and Void Distribution

Several experiments were done in order to calculate the porosity and void content of composites as well as metallic foam samples. The tests on metallic foams enabled the author to understand and demonstrate how XTM can be used to calculate void distribution because the voids were large enough to be readily detected. 
[image: image59.png]



Figure ‎4.16 3D Reconstruction of a section of a foam sample, the section is 6mm high by 16 mm diameter.
Figure ‎4.16 shows a 3D volumetric reconstruction of a section of a foam sample. This reconstruction was generated using the Amira® software from XMT scans with a resolution/spot size of 35.7μm. The internal structure of the foam sample can be easily resolved at this resolution as shown in Figure ‎4.17. This figure shows a virtual section of the metallic foam specimen. Three slices perpendicular to each other are being shown in this figure. An oblique slice can also be shown if one wishes. This clearly demonstrates the usefulness of CT to study the internal features of a structure non-destructively. 
[image: image60.png]



Figure ‎4.17 Cross sectional view of the foam sample shown in Figure ‎4.16
As can be seen the voids in the foam sample are of various sizes and shapes. In order to accurately model the material behaviour the void area frequency distribution must be known (i.e. how many voids of a particular area are present in a given specimen). This is a daunting task if traditional methods are used. Using the traditional destructive techniques one can at best cut a few sections of the material and approximate the areas and than calculate the frequency distribution. However using XMT and image processing techniques this can be done on the fly for a much larger sample. To achieve this end a computer code
 was written in MATLAB® which computes the area of each void from the cross sectional images and plots the frequency distribution as shown in Figure ‎4.18 and Figure ‎4.19. The distributions shown in these figures were derived for a square section of the entire specimen (i.e. 372 2D slices in this case). Two different distributions are shown the first one considers all the voids in the sample. The second one only shows the frequency distribution of areas less than 3000 square pixels. This is done in order to demonstrate that any other distribution with any area interval on X –axis can be plotted because area of each void is computed and stored in memory. The above experiments were carried out with two different samples one with a cross section of 16mm and other with a cross section of approximately 32mm. Three sections of approximately 6mm each were scanned from both the samples and the distributions obtained to provide input data for another research project not related with this study. Nonetheless the experiments proved to be very valuable for the author as they provided sufficient training with the equipment and the necessary numerical and image processing techniques. Using a similar technique one can calculate the overall percentage of porosity in a composite sample. However a much higher resolution is required because the voids in a composite are much smaller than the voids in metallic foam samples that were investigated.
In many cases, for example to access the suitability of a manufacturing process one does not need to calculate the actual porosity or void distribution. Only a comparison of XMT images can be sufficient to provide very useful information. This was demonstrated by comparing CFRP sample made from two different manufacturing processes. The 2D Slices shown in Figure ‎4.20 (26μm voxel size) are of a sample that was made as a test case using the quick step plant in the composites lab. As can be seen significant voids are present in this specimen. Figure ‎4.21 (15μm voxel size) shows a 2D slice of XMT scan done for a CFRP sample that was fabricated using the auto clave process. As can be seen the void content is so low that it is almost invisible in the current image. The sample size was reduced to one fourth in order to increase the magnification to 15μm as opposed to 26μm voxels for quick step sample but still the voids were not seen. This showed that the void content was less than the range that could be detected by XMT scanner.
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Figure ‎4.18 Frequency distribution of all voids in the sample
[image: image62.jpg]16

14

o =) @ © <+

sjexid [01- 01+] eBuel eare ul sploA Jo "oN

1500 2000 2500 3000
Area of Voids (Pixels)

1000

500




Figure ‎4.19 Frequency distribution of voids with area less than 3000 sq. pixels
The comparison of figures Figure ‎4.20 and Figure ‎4.21 demonstrates that how XMT scan can be used to compare the quality of manufacturing processes. In fact if porosity limit can be defined using standard ASTM methods than a number of tomograms can be obtained to show that which level of porosity is acceptable. Hence for subsequent inspections only a visual comparison of the tomograms with the standard tomogram should be enough to judge process and part quality. This considerably simplifies the inspection process.
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Figure ‎4.20 Porosity in a CFRP sample (Quickstep 6)

 (2D Coronal view at a resolution of 26μm approx)
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Figure ‎4.21 Porosity too less to be detected in a CFRP specimen formed using Autoclave process (2D Coronal view at a resolution of 15μm approx)

4.3.2 Study of delamination damage
Delamination is one of the most important and frequently encountered types of damage in composites. The Figure ‎4.22 shows the result of an XMT scan performed by the author on a Kevlar epoxy specimen that was damaged during a cutting operation and significant delaminations were visible on the surface. XTM examination shows that considerable delamination damage has propagated within the specimen with minimum delamination width equal to 0.08mm approx. 
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Figure ‎4.22 Delaminations in a Kevlar/Epoxy specimen at various depths inside the component (minimum delamination measured approximately 0.08mm at image resolution of 21μm)
4.3.3 The limits of contrast resolution

When the initial tests were done using off the shelf samples of GFRP and CFRP the author made an attempt to resolve the matrix and fibres as separate phases but had little success. A number of factors were to be blamed for this the most important being the inherent limitation of absorption based CT to resolve constituents with similar attenuation coefficient. Since the samples were off the shelf very little if any thing was known about the constituents, the type of weave, the lay up sequence etc. All this made it very difficult to reliably interpret the tomograms obtained. The samples shape was also either cubic or semi cubic. As a result the image quality reduced further since the x-rays had to go through different path length within the material and this lead to a non unique range of CT numbers for each constituent. Several approaches were attempted to overcome these problems and to clearly identify the capabilities and limitations of the scanner being used. The most successful of these set of experiments is being discussed here, since it clearly establishes the capabilities and limitations.

A series of tests using four specially fabricated composite samples were done. The samples are labelled as B, C, S, and K for Boron/Epoxy, Carbon/Epoxy, Glass/Epoxy and Kevlar/Epoxy respectively. The specimens were fabricated using a quick setting Bisphenol F Epoxy resin (West System 105 Resin and 205 Hardener) that sets at room temperature. It was decided to make the specimens in cylindrical shape because for a cylinder, path length for X – rays remains constant and hence the image quality achieved is much higher than using a cubic sample. Figure ‎4.23 shows a schematic representation of the mould which was used to make the samples. Tubes of 8mm inner diameter were cut off from a standard PVC tube. Plastic plugs to close both ends of the tube were machined. A small hole with diameter 0.8mm approx was drilled in the centre of each plug. For Carbon, Kevlar and Glass fibres, fibre bundles of approximately 50 - 100 fibres were passed through the holes drilled in the plugs. The epoxy resin was poured from one end and tube was sealed from both the ends using the plugs. The epoxy was allowed to set for at least 3 hours. Since boron fibres have a much greater diameter therefore only 3 fibres of boron were inserted for the boron/epoxy sample. A release agent was applied to tube walls for easy removal of specimens. Figure ‎4.24 shows the four samples.

[image: image66]
Figure ‎4.23 Mould to prepare cylindrical specimens
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Figure ‎4.24 The four test specimens
As mentioned in section ‎4.1.3 four different target materials (for generating X – ray beams) are available. It was decided that before performing the actual scan a qualitative assessment of the effect of these target materials on the image quality will be done. Before this in a separate experiments the effect of factors like source to camera distance, beam intensity, and effect of filtration were considered. Table ‎4.3 summarizes the effect of changing target material in X – ray source on image quality. The result of this comparative assessment showed that in general for heavier target element the image obtained were sharper. The images were not very different in quality if the voltage and current was adjusted carefully to ensure the specimen was well lit (neither saturated nor under exposed). The histogram facility in the tomahawk was used to ensure that the specimens were properly exposed. As indicated by Table ‎4.3 Tungsten target was selected for actual scans due to the best overall image quality. It is worth noting that the visibility of Carbon and Kevlar fibres was not influenced by the change in target material. 
	Case
	Settings
	Remarks

	1. 
	Target = Cu

Atomic No. 29

65kV, 82uA

Filter = Cu 0.1mm
	
B
	Individual fibres visible – Air bubbles resolved

	
	
	C
	Fibres totally invisible - Air bubbles resolved

	
	
	K
	Fibres totally invisible - Air bubbles resolved

	
	
	S
	Fibre bundles visible - Air bubbles resolved

	
	
	
	Good overall quality but not very sharp despite the high voltage

	2.
	Target = Cu

Atomic No. 29

40kV, 57uA

no filter
	
B
	Individual fibres more clearly visible than case 1– Air bubbles easily resolved

	
	
	C
	Fibres totally invisible - Air bubbles become more clear if voltage slightly increased (45kV)

	
	
	K
	Fibres totally invisible - Air bubbles become more clear if voltage slightly increased (45kV)

	
	
	S
	Thinner fibre bundles (approx 5 – 10 fibres) also visible - Air bubbles easily resolved

	
	
	
	Better overall quality than case 1 and better contrast than the case 1.

	3.
	Target = W (tungsten)

Atomic No. 74

35kV, 57uA

no filter
	
B
	Individual fibres more clearly visible and smaller air bubbles also visible clearly

	
	
	C
	Fibres totally invisible - smaller air bubbles also visible clearly

	
	
	K
	Fibres totally invisible - smaller air bubbles also visible clearly

	
	
	S
	Some Individual fibres also visible – air bubbles clearly visible

	
	
	
	Best overall images – Very sharp with maximum details visible. Image become saturated at just 40kV hence lower voltages than other cases can be used

	4.
	Target = Mo (Molybdenum)

Atomic No. 42
35kV, 57uA

no filter
	
B
	Individual fibres and air bubbles visible almost same as case 3

	
	
	C
	Fibres invisible – air bubbles visible 

	
	
	K
	Fibres invisible – air bubbles visible

	
	
	S
	fibre bundle as well as some individual fibres visible – air bubbles visible but overall less clear than case 3

	
	
	
	Clearer and Sharper image than case 1 and 2 (Cu) but less sharper than case 3 (W)

	5.
	Target = Ag 
 (Silver)
Atomic No.  47

40kV, 47uA

no filter
	
B
	Individual fibres and air bubbles visible

	
	
	C
	Fibres invisible – air bubbles visible 

	
	
	K
	Fibres invisible – air bubbles visible

	
	
	S
	fibre bundle as well as some individual fibres visible – air bubbles visible

	
	
	
	Clearer and sharper image than case 1 and 2 (Cu) but less sharp than case 3 (W), comparable to case 4.


Table ‎4.3 Effect of changing target material in XTM scanner source on the image quality

[image: image68.jpg]



Figure ‎4.25 Boron/Epoxy sample 2D XTM axial view (resolution 16.5µm)
Figure ‎4.25, Figure ‎4.26 and Figure ‎4.27 show 2D axial views (XZ Plane – see Figure ‎4.24) of the samples B, C and S. The slices shown represent an area near the middle of the specimens. The boron and glass fibres can be clearly identified (white dots), however the carbon fibres are not visible.
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Figure ‎4.26 Glass/Epoxy sample 2D XTM axial view (resolution 9.3µm)
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Figure ‎4.27 Carbon/Epoxy sample 2D XTM axial view
Figure ‎4.28 and Figure ‎4.29 show the side view of the specimen i.e. a plane through the middle (XY). In these figures both carbon and boron fibres can be identified clearly. However due to smaller size of glass fibre it is difficult to visualize fibre damage in individual fibres but it is expected that damaged fibre bundles would be easily be resolved. The size of boron fibres and glass fibres as calculated from these images is about 68 - 75μm for boron fibres and 20 – 25 μm for glass fibres. Figure ‎4.30 shows how the contrast is enhanced and image zoomed to allow for the measurement of fibre diameter. A more precise measurement can be taken by writing a computer code in MATLAB. However this was not pursued here as this was not the objective of this experiment.
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Figure ‎4.28 Boron/Epoxy Specimen 2D XTM Coronal view
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Figure ‎4.29 Glass/Epoxy Specimen 2D XTM Coronal View
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Figure ‎4.30 Measuring diameter of glass fibres

Figure ‎4.31, Figure ‎4.32 and Figure ‎4.33 show 3D reconstruction of boron fibres. Surface reconstruction is shown in Figure ‎4.31 and Figure ‎4.32 while a volumetric reconstruction is shown in Figure ‎4.33. Figure ‎4.34 show a 3D surface reconstruction for glass fibres. It is considerably difficult to generate a volumetric reconstruction for glass fibres due to their smaller diameters. The Kevlar and Carbon fibre reconstruction is not shown here since the fibres cannot be resolved. As can be seen boron fibres can be resolved excellently due to their larger diameter and greater attenuation difference of the fibres and the matrix. The superimposed views of the 2D slices and 3D surface make it very easy to identify damage planes. This capability may be important in relating the images from ultrasound scan to tomographic scans. As yet the author has not studied any adhesively bonded structure using the tomography equipment.
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Figure ‎4.31 3D surface reconstruction of fibres superimposed with a 2D slice in coronal direction
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Figure ‎4.32 3D surface reconstruction of fibres superimposed with a 2D slice in axial direction
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Figure ‎4.33 3D volumetric reconstruction of boron fibre and measurement of fibre diameter. (The matrix is rendered invisible to show fibres)
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Figure ‎4.34 3D surface reconstruction of glass fibre superimposed with a 2D slice in axial direction
4.3.4 Testing real impact specimens

The above results were obtained using especially created cylindrical specimens. However for actual impact damage testing due to practical considerations the sample cannot be cylindrical and their size must also be at the least 25mm or more. But this severely limits the achievable resolution. In order to overcome this difficulty a proposed solution is to cut out cylindrical specimens from the damaged zone of a standard sized test specimen. However the specimens must be cut in such a way that there is minimal damage due to this cutting operation so that the details of damage due to impact are not lost. Different methods were considered and it was decided that laser cutting is well suited for this purpose. The advantage of laser cutting over other methods is the ability to cut any size (diameter) of disc shaped or cylindrical specimens without damaging rest of the specimen. The heat affected zone (HAZ) was observed to be only 0.5mm hence the specimen integrity is not compromised. By taking multiple samples from the critical locations one can create an approximate damage map for the specimen. In this way it will be possible to test standard size impact damage samples using XMT. In order to confirm the possibility of laser cutting tests were performed on CFRP, GFRP and Kevlar specimens. 
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Figure ‎4.35 2D axial view of a specimen cut off from a rectangular CFRP (hexply) sample using laser beam (Resolution = 8µm)
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Figure ‎4.36 2D Coronal view (XY)  for the same specimen as in Figure ‎4.35
Figure ‎4.35 and Figure ‎4.36 shows a tomogram of such a laser cut CFRP specimen. The scan shows that large air pockets are present because the sample was not cured properly. The specimen was obtained by cutting a circular cylinder (disc) from the centre of the rectangular plate. Table ‎4.4 summarizes the results of the tests to optimise the laser parameters required for cutting.
	Sample: GFRP – Black; 3mm thick (approx)

Shielding Gas: Argon

	Focus (mm) 
	Power (W) 
	Cutting Speed mm/s
	Gas flow rate

( l /min)
	Comments

	4.5
	150
	20
	10
	Mark on near surface only

	4.5
	300
	20
	10
	Slightly deeper cut

	4.5
	450
	20
	10
	Deeper cut

	4.5
	600
	20
	10
	A few pin holes through

	4.5
	700
	20
	10
	Still pin holes

	4.5
	800
	20
	10
	Slight mark on the back as well

	4.5
	800
	20
	20
	No significant change but cut slightly deeper 

	Bonding takes place as soon as the material melts. The next set of results demonstrates the effect of keeping the glazed side of specimen towards the beam.


Table continued on next page

	Focus (mm) 
	Power (W) 
	Cutting Speed mm/s
	Gas flow rate ( l /min)
	Comments

	4.5
	800
	20
	20
	No significant change from the last case

	4.5
	800
	20
	40
	Clear mark on the far end but no through cut just some pin holes

	Carbon/Epoxy specimen; 8mm thick (approx)

	3.5
	800
	20
	30
	Slight cut on near side no mark on far side

	3.5
	800
	10
	40
	Slightly deeper cut marked by rejoining and fusion, no mark on far side

	3.5
	1000
	10
	40
	Deeper cut with very faint mark on far side.

	Shielding gas: Oxygen

	3.5
	500
	10
	40
	Wide surface burning, very little depth of cut 

	3.5
	700
	10
	40
	Wide surface impression on near side and no marking on far side

	3.5
	1000
	10
	40
	Deeper cut but still surface on near side more damaged but less effect in terms of penetration.

	3.5
	1000
	10
	40
	Side cut – showing penetration of almost 3/4th of depth.  However still large surface heat damaged area

	3.5
	1000
	5
	40
	Slight marks on far end

	3.5
	1000
	3.6
	40
	Vaporise and solidifies again mark till end of side

	Shielding gas: Argon 

	3.5
	1000
	3.6
	40+ (10 bar pressure with fully open valve)
	Good cut, through the thickness, 1mm cut width, 0.5 mm HEZ on surface, almost similar width of cut on far and near side. 

	Kevlar sample: Thickness 5 mm 

	3.5
	1000
	3.6
	40+
	Good through thickness cut with cut width approx 1 mm near side; 0.8-0.9 mm far side. Similar HEZ as epoxy. 


Table ‎4.4 Laser cutting of various composite samples to find appropriate cutting parameters
4.4 Conclusion
This chapter summarizes the results of most of the experiments performed during the first year. The aims of these experiments were 

· To gain familiarity with and training on the tomographic equipment, related software and image processing techniques in order to extract relevant data from the tomograms. This objective has been fully realized and the author is confident in using the technique for the actual objective, i.e. damage characterization in adhesively bonded joints. 

· To identify the capabilities and limitations of XMT for studying impact damage in adhesively bonded joints. This objective has also been achieved through actual experimentation and study of relevant literature. 

The most important finding from these tests and the literature is this that carbon and carbon based fibres (e.g. Kevlar) cause very little attenuation and hence are very difficult to be detected in the presence of a similar matrix (carbon based such as Epoxy). The graph in [114] below compares the sheet thickness required to produce same attenuation difference for a 30kV beam. 
[image: image80.emf]
Figure ‎4.37 Sheet thickness of various materials to produce similar attenuation

As can be seen from the graph less than 0.1mm of copper produces the same attenuation as 1mm of pure Carbon. Due to this reason carbon based materials (CFRP) have a low CT number (between 300 – 500). This means the contrast is not sufficient to make micro-cracks, voids and porosity of smaller dimensions (<5µm) visible without the aid of a dye penetrant. This situation can be remedied to some extent by using higher exposure times and averaging greater number of frames/projections per scan to cause enough absorption of the X – rays by the material. This will enhance the contrast difference to make the material features such as voids/ porosity and defects such as micro-cracks more clear. However an optimum value should be found for increasing exposure time because as discussed by Davis detector element inequalities and non-linearities can also increase as a result of longer exposures and larger data set to average.

Boron fibres are the easiest to resolve using XMT and in order to validate numerical models that predict separate fibre and matrix failures it might be possible to use boron fibre samples. This can also give very interesting insight into the failure mechanisms involved. However, further study is required to see if the obtained results can directly be scaled/considered valid for CFRP or not. As an alternate Glass fibres also present a good case for the use of XMT for identifying micro level fibre and matrix damage. However the fibre failure in most case could only be resolved to the extent of failure of fibre bundles rather than individual fibres. The next chapter will discuss the proposed plan of study for the next two years.



[image: image81]
Chapter 5: Conclusions and future research direction

There were three main objectives for the first year of this study, i.e.

1. To select appropriate failure theory for adhesively bonded composites.

2. To choose a modelling strategy that can be used with the selected failure criteria for numerical prediction of failure and modelling of progressive damage in adhesively bonded composites under impact loading.
3. To formulate a strategy for experimental verification of the results that will be obtained using the selected numerical techniques. The experimental verification of the numerical models was not only required on an aggregate or macro level but also for micro level damage. 

All these objectives have been successfully achieved. The current chapter discusses the major outcomes of the first year and the overall plan of work and targets for the next two years.
5.1 Conclusions from the first year of study
A number of failure theories were reviewed through literature survey in order to determine that which one is most suitable for predicting damage and failure in adhesively bonded composites. This review suggested that the strain invariant failure theory, ‘SIFT’ by Gosse is most likely to produce the best results at both micro and macro levels. The reasons for giving preference to SIFT were discussed in chapter 2 (specifically section ‎2.5). Here it must be emphasized that using SIFT for modelling damage and failure of the adhesively bonded joints (especially for thin adhesive layers) is a novel idea that has not been demonstrated else where. If successful this technique will considerably simplify the analysis of adhesively bonded structures. 
Since SIFT is relatively new and still seen by critics with scepticism it has been decided to pursue two parallel approaches one using the more widely established Tsai-Wu criteria and the other using SIFT. The study will compare the two approaches and verify the results through experiments.
The progressive damage will be modelled using EFM rather than traditional MPDM because of the advantages that it offers. These advantages have been discussed at length in section ‎3.2.2. Since implementation of EFM is not specific to any particular failure criteria hence both the Tsai – Wu failure theory and SIFT can be used with EFM. The literature survey also showed that the adhesive layer can be adequately modelled using a cohesive zone approach. This approach will be studied further and if time permits an attempt to use such an approach with EFM based FE model will be made.
This study strongly suggests that the experimental verification of numerical predictions can be done at both micro and macro levels using X-ray CT. The micro level damage in 3D will be observed using micro-tomography and the macro level damage can be established using X-ray tomography at a conventional scale. Ultrasound can also be used for macro damage and this will be pursued to a limited extent as a secondary verification method.
It has been established in this thesis that due to good contrast difference between boron fibre and epoxy and glass fibre and epoxy it will be best to prepare samples of boron and glass fibres in epoxy resin for impact testing rather than using carbon epoxy samples.
5.2 What next?
The Gantt chart in Figure ‎5.5 shows an overall plan for the next two years of study. The plan can be divided into five types of activities
5.2.1 Experimentation

This task consists of all the activities associated with experimental verification of numerical results. It starts with planning the series of impact tests that will be carried out. The objectives of these tests will be to clearly establish the various modes of damage in adhesively bonded composites for a series of energy levels resulting in barely visible to visible surface impact damage. The damaged specimens will be first inspected for macro damage using tomography with a relatively lower resolution and also using ultrasound C – scans. Then the micro level damage will be observed by isolating the damage zone using laser cutting. The specimens thus obtained for XMT will be cylindrical in shape as this will allow optimum viewing. The target date for the completion of major experimental work is September 2006. Further experiments might be needed once the results of numerical modelling are available and these may take place any time before May 2007. The use of laser cutting to extract cylindrical specimens of the damage zone for micro tomography is again a novel idea and has not been reported else where. 
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Figure ‎5.1 Overall scheme for experimental portion of study
5.2.2 Numerical modelling

FE models of the samples for impact testing will be created and element failure methodology (EFM) will be employed to simulate damage progression.

As discussed in detail in section ‎3.4 the initial plan is to compare three different models. These models will mainly differ in the failure criteria adopted. The proposed schemes to compare are

a. A model where SIFT is used as the only governing failure theory for all the constituents that is fibre, matrix and adhesive failure.
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Figure ‎5.2 Illustration for proposed scheme ‘a’

b. A model which uses a combination of failure criterion, a typical combination can be as follows
i. First invariant strain criteria (a subset of SIFT) to model matrix dominated failure mechanisms such as matrix cracking, delamination and fibre pullouts in composite adherends as well as for adhesive cracking in thin adhesive layers.

ii. A failure criterion such as ultimate fibre strain for more severe modes of fibre failure such as fibre breakage/cracking after fibre looses support from matrix.
iii. The use of both first and second strain invariant criteria (von misses) for failure in adhesive joints for the case of thick layer of adhesives.
 Or

The use of failure criteria based on characteristic strength and intrinsic strength from a cohesive zone model for adhesive. 
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Figure ‎5.3 Representative illustration of proposed scheme, ‘b’

c. A model where Tsai – Wu criteria governs the failure of the adhesively bonded structure and if possible the failure of various constituents. 

 SHAPE  \* MERGEFORMAT 



Figure ‎5.4 Illustration for proposed scheme , 'c'
The use of SIFT for adhesively bonded structures is a novel idea and its benefits will be established through this study. The comparison with the results using Tsai Wu criterion will make it possible to objectively compare these failure theories and will contribute in clearly establishing the limits of each theory. The model employing combination of various theories is suggested because the literature has made it clear that no single theory is applicable to all situations. However knowing the strengths and weakness of each theory one can obtain a practical way of creating the most accurate model by employing the failure criteria that governs failure in a particular situation. The use of 3D tomography at micro level will make it possible to actually verify these models at a scale at which these models predict the results. This is again an innovative part of the current study.
5.2.3 Research publications

Since the study is focused on new and exciting areas it expects to yield publishable results very soon. The author is already planning to publish the very important finding about the limitations of X – ray micro tomography in a teaching journal since the experimental comparison done by the author can constitute a very important teaching resource on the subject. The approximate times at which the various publications can be reasonably expected is shown on the Gantt chart. 
5.2.4 Optional Targets

Since at this stage it is not possible to precisely lay down the time frame of various tasks an optimistic targets for due date has been set. If the tasks are indeed completed in the time frame shown (which of course is the intent) than it will leave the author with enough time to work for secondary objectives which are not central to this study but are none the less very important in their own right. The major secondary objective (also identified in the Gantt chart) is the development of novel micromechanical models of woven structures for use with SIFT in the same way as unidirectional micro-mechanical models. The need for such a model has been identified in certain recent publications (e.g. [52]). Where it was observed that for woven fabric the critical invariant of SIFT occur at crossing of the weave. However no satisfactory model for the woven fabrics (to be used with SIFT) have been proposed. This gap can be filled if the optional objectives of this study are met.
5.2.5 Writing up
The author plans to start the writing up by March 2007. However the formal deadline to move into the writing up phase of the study is proposed to be June 2007. This leaves the author with ample time to write the thesis.


[image: image86] 
Figure ‎5.5 Approximate schedule for year II and III
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Verification of models through Extensive Experimental Testing of Adhesively Bonded Composite Structure under impact loading and observing damage effects at both macro and micro level. 
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� In WWFE each failure theory was given two chances. For the first set the participants were not given access to experimental results and hence the predictive capabilities of model were accessed, this is referred as “blind run”. In the second set the participants were also given access to the experimental results and participants were allowed to make changes to their models to improve their accuracy. 


� Very recently Sky Scan (� ADDIN EN.CITE <EndNote><Cite><Year>2006</Year><RecNum>126</RecNum><MDL><REFERENCE_TYPE>16</REFERENCE_TYPE><REFNUM>126</REFNUM><YEAR>2006</YEAR><TITLE>SkyScan-2011 X-Ray NanoTomograph</TITLE><PLACE_PUBLISHED>Belgium</PLACE_PUBLISHED><URL>http://www.skyscan.be/next/spec_2011.htm</URL></MDL></Cite></EndNote>�92.	SkyScan-2011 X-Ray NanoTomograph. 2006: Belgium.�) an equipment manufacturer from Belgium has introduced a nano-scanner using non-synchrotron radiation source however the details of this system are still unknown to this author.


� The author gratefully acknowledges the help and support of “Rehan Hafiz” of EE Dept in writing this code. 
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