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Foreword

Whether high in the sky, on the ground or deep below, on the surface of the water
or below, whether in industrial, craft or private environments, in the manufacture
and processing of tangible products, adhesive bonding technology is almost always
used. Modern products in the way in which we know and use them today are barely
conceivable without their use.

The reason for this is that in the context of joining techniques, it is only adhesive
bonding that has the potential to join the same, but also different, materials with
long-term stability while fully preserving their properties. This adhesive bonding-
specific property, namely the preservation of the material properties during joining,
enables products to bemanufactured tomeet increasing requirements, such as weight
reduction, miniaturization, functional expansion or design optimization, and thus to
enable new, innovative designs for a product. This is precisely where the potential
of adhesive bonding technology lies as the No. 1 joining technology in the twenty-
first century; a century that requires the new and further development of a wide
variety of materials with their specific properties in order to meet increasing require-
ments. Nevertheless, it is true that these materials only become—economically and
technically—usable materials with a material-appropriate joining technology, in this
case, amaterial property-maintaining joining technology.Materials development and
joining technology are therefore inseparable.

Like all joining techniques, such aswelding, riveting, screwing or soldering, adhe-
sive bonding according to ISO 9001 is a so-called “special process”. This term covers
all processes that cannot be verified non-destructively with one hundred percent
certainty and is therefore not expressly limited to adhesive bonding. All joining tech-
niques—and actually almost all manufacturing and processing processes in industry
and trade—cannot be verified one hundred percent non-destructively, and that makes
them all “special processes”.

In order to be able to deal effectively with this still unalterable fact, it is now
necessary to pursue two directions of development, on an equal footing and comple-
mentary to each other. One is more technical and methodical, and the other more
organizational.
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vi Foreword

The more technical–methodical development direction consists of the further
development of non-destructive testing techniques and methods. The latest possi-
bilities are presented here in this book. They are essential because only with non-
destructive testing technology can the tested joint and the adhesively bonded product
continue to be used without loss of quality. The more experience we gain and the
more scientific knowledge we acquire, the more non-destructive testing techniques
can one day be combined into a possibly comprehensive non-destructive testing
methodology, and the closer we come to the (future) goal of converting the “spe-
cial process” of adhesive bonding into a “non-special process”. This will mean, i.e.
verifying the adhesively bonded product one hundred percent non-destructively in
a scientifically proven manner and with the ability to continue using it after testing
without any loss of quality.

Until this goal is achieved, however, the above-mentioned second, more organi-
zationally oriented path must be taken at the same time. This is where the ingenious
core idea of ISO 9001 comes into its own. It simply states that in “special processes”,
all possible errors must be avoided from the outset. This (and only this!) is, according
to ISO 9001, the required goal in setting up a quality management system. With its
help, the respective (adhesive bonding) processes are to be “controlled-mastered”,
i.e. designed in such a way that defects that cannot as yet be proven one hundred
percent non-destructively cannot demonstrably occur in the first place.

In this context, too, adhesive bonding technology is on the right track, as accom-
panying regulations for ISO 9001 (DIN 2304, DIN 6701, prEN 17460, ISO/DIS
21368) have been or are being published. Their exclusive function is to concretize
the ingenious ISO 9001 core idea of error prevention outlined above in such a way
that it helps user companies to (even) more securely implement adhesive bonding
with confidence.

Both the more technical–methodical and the more organizational development
paths not only complement each other, but they also pursue exactly the same goal:
To create even more confidence in the adhesive bonding application! Ultimately,
confidence is the basis for realizing innovations, which is crucial to the continuing
success of any organization.

These innovations are, in turn, undoubtedly necessary for the future. Numerous
application examples have shown over the years that adhesive bonding alreadyworks
today: Nobody would sit in an airplane, a car, a train or a bus if its adhesive bondings
were not safe.

Wewill come to increasingly need adhesive bonding technology with its material-
preserving properties, and so adhesively bonded applications will become even safer
and better known in the future. There is no way around this in our progress towards
a circular economy, and adhesives and sealants have long been enabling sustainable
solutions by improving the recyclability of products.

The implementation of the methodologies in this book will enable organizations
to adopt adhesive technologywith confidence and to achieve a competitive advantage
through successful innovation.
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Preface

This book presents some of the recent progress in research, development and applica-
tion in the quality assessment of the adhesive bonding of composite structures using
extended non-destructive testing (ENDT). Its aim is to be useful as a compendium for
quality or process engineers during their professional lives as well as for students as
an application-oriented introduction to an array of interdisciplinary topics comprising
physicochemical, material and process engineering aspects.

Over the past decade, the concepts and technological approaches substantiating
the ENDT approach have been developing fast. They have attracted intense interest
in ascertaining selected properties that are critical to the performance of adhesive
bonds. Referring to the European Horizon 2020 research project “Quality assurance
concepts for adhesive bonding of aircraft composite structures by advanced NDT”,
or ComBoNDT, the six interrelated and coordinated chapters of this comprehen-
sive book were composed to further establish quality assessment procedures for the
processes of manufacture and repair on an industrial scale.

In Chap. 1, the recent advances in quality assessment for adhesive bonding tech-
nology are introduced. Following the presentation of ten heuristic principles for
quality assessment, concepts are demonstrated for establishing material and process-
specific correlations between joint features and quality data measured using ENDT
during the steps contributing to the applied bonding process. The implementation of
quality assurance concepts is exemplified in the subsequent chapters. In Chap. 2, an
expert approach is detailed for characterising intentionally applied pre-bond contam-
ination and the ageing effects of CFRP bonded joints using reference laboratory
methods, mechanical tests and numerical simulation. In Chaps. 3 and 4, ENDT
procedures for surface and bondline quality assessment of composite structures are
presented. The demonstration of ENDT techniques in a realistic environment and
a technology assessment are presented in Chap. 5. In the concluding Chap. 6,
some perspectives are outlined for integrating ENDT in the life cycle management
of bonded products.

Our expectation for the decade to come is that topics like the factory of the future,
Industry 4.0, and integrating new and established technologies based on gathering
and exchanging digital datasets will become a powerful trend, one that will promote
and will be promoted by quality-related data obtained through ENDT.

ix
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We hope to intrigue our readers and enliven what is a comprehensive concept for
ENDT and quality assessment in adhesive bonding.
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Chapter 1
Introduction to Recent Advances
in Quality Assessment for Adhesive
Bonding Technology

Michael Noeske, Welchy Leite Cavalcanti, Hauke Brüning, Bernd Mayer,
Antonios Stamopoulos, Apostolos Chamos, Thomas Krousarlis,
Paweł H. Malinowski, Wiesław M. Ostachowicz, Konstantinos Tserpes,
Kai Brune, and Romain Ecault

Abstract The first chapter highlights the relevance of both adhesive bonding tech-
nology and in-process quality assessment for mastering twenty-first-century chal-
lenges in joining functional and lightweight materials like carbon fibre reinforced
polymers. The ongoing developments of the relevant technological and regula-
tory procedures and frameworks are hereby outlined, following trends for data-
driven innovation and standardisation. Advances from monitoring process variables
towards the in-depth and objective Extended Non-destructive Testing (ENDT) of
material-related features are presented, based on methodological and technological
innovation and insights from recent European joint research projects like Horizon
2020s ComBoNDT—“Quality assurance concepts for adhesive bonding of aircraft
composite structures by advanced NDT”. Introducing ten heuristic principles for
quality assessment in bonding processes, a concept is demonstrated for establishing
empirically consolidated sets of quantitative material and process-specific correla-
tions between design-relevant joint features and quality data measured during the
manufacture or repair of adhesive joints using ENDT. Each correlation is obtained
by systematically introducing disturbances of relevant process features identified by
experts and is levelled once by linking findings from standardised mechanical tests
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with ENDT results obtained for joints that have intentionally been manufactured
or repaired in an off-specification way. Subsequent chapters will demonstrate the
suitability of the broadly applicable process.

Keywords Adhesive bonding technology · Quality assessment · In-process data ·
Extended non-destructive testing (ENDT) · Heuristic principles · Concepts from
ComBoNDT project

1.1 Introduction

Adhesive bonding was already being applied more than 35,000 years ago in the
Upper Palaeolithic in the Near East using naturally occurring bitumen [1] as well
as in Europe during the contemporaneous last Ice Age [2] and starting from the
Middle Palaeolithic to the Iron Age using wood or birch-bark tar [3, 4]. Adhesive
joints based on biomaterials are also known from the Swabian Aurignacian [5] in
the Upper Palaeolithic. For example, hollowed-out adherends consisting of flint and
split animal bones or mammoth teeth were re-joined and re-sealed using an airtight
resin glue (an organic mastic that was possibly birch tar obtained using fire [6]) to
manufacture a single piece of work that contributed to the social cohesion inside fire-
heated caves inhibited bymodern humans or even Neanderthals. These joints created
musical instruments, highlights of humanity’s cultural repertoire, and their product
quality was tested by the musicians and their audience. As early as the Neolithic,
inorganic sandwich composite adhesives consisting of fillers and binders were used
to manufacture poly-layered joints as ornamental artefacts [7]. In the Taklamakan
Desert in north-western China, early evidence of adhesives and their development
around 3500 years ago was recently collected in the form of a bone sculpture-inlaid
wooden artefact [8]. The development of adhesives and bonding applications was
further advanced in ancient Greece and the Roman Empire [9]. In fact, throughout
human history, adhesives have been among themost widely applied materials [8] and
their use was one of the earliest known transformative technologies [10], yet many
of these historical advances have only recently been revealed through archaeological
excavations and investigations.

In Europe, the modern era was initiated by the re-discovery of Greek and
Roman cultural and knowledge heritage, triggering the three Industrial Revolutions,
which facilitated machine-driven mass customisation and computer-driven digital
data processing. The fourth Industrial Revolution is currently ongoing, encom-
passing exchangeable decentralised datasets and individualised information avail-
able anytime and anywhere and joining the biological, physical, and digital fields
to form cyber-physical systems. The advent of Industry 4.0 is updated music to
the audience’s ears—be it students or professionals, engineers or natural scientists,
and it will connect more than seven billion humans worldwide. Such extensive
communication will be based on documenting and preserving, sharing and high-
speed exchanging trackable digital data or even knowledge, a development that is
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entering site-comprehensive production chains step by step. This advancement also
challenges modern adhesive bonding for the series production of multifunctional
materials for the simple reason that quality assessment and quality management in
production technologies are not based on archaeological methods or tools. Nonethe-
less, we suggest that making relevant material-based aspects accessible is a crucial
endeavour, both in archaeology and in forward-looking production technologies, and
that this perspective will spawn the analysis of augmentable domain-specific data
sources that are virtually unbounded in both cases.

We consider modern tools for quality assessment in adhesive bonding technology
worth the readers’ attention, and we present recent progress in the research, devel-
opment and application of process-integrated monitoring technologies for joining
composite structures. We systematically introduce our readers to extended non-
destructive testing (ENDT) and provide a compendium for quality or process engi-
neers throughout their professional lives as well as for students as an application-
oriented introduction to the interdisciplinary topics at hand, comprising physico-
chemical, material and process engineering aspects.

In this section, we give a short introduction to ENDT and quality assessment
in adhesive bonding processes relevant to the manufacture or repair of composite
structures.

Whyare these topics sohighly relevant at present?Fundamentally,we share expec-
tations that in the twenty-first century, progress in joining functional or lightweight
materials and componentswill essentially be driven by innovations based on adhesive
bonding technology and by developments thatwill enablemanufacturers to safeguard
the quality and optimise production [11–13], integrating these three drivers into
a factory-of-the-future approach for composite manufacture, e.g. in the aerospace
or automotive industries [14–16]. With the aim of achieving cost efficiency and
increased flexibility with many degrees of freedom [17, 18], computer-integrated
manufacturing will be established for all process steps, including those related to
adhesive bonding. In this way, the increasing market demand for new and highly
customised products with high quality [19] will be met and a small time-to-market
delay will be achieved. In view of challenges like shorter response opportunities
and flexibility in a turbulent and unpredictable market environment while preserving
product quality [19], knowledge capturing and processing profiting from formal
methods, e.g. taxonomies and ontologies [20], are gaining importance and may
greatly contribute to rule-driven manufacturing control [21]. In addition to the soft-
ware and information technology infrastructure presently being developed, hardware
that facilitates the gathering of precise in-process data from all process steps will be
needed as a third pillar [18, 22, 23] within less than a decade. These intelligent
hardware elements of machines and devices such as sensors and actuators contribute
to the “field-level” base of the industrial automation pyramid [19, 24], which high-
lights the numerous components and pathways of industrial communications, as
sketched in Fig. 1.1. Within an automation pyramid, the upper levels are charac-
terised by a deeper understanding and a higher responsibility for the performance of
the complete overall system. The deeper levels within the hierarchy are distinguished
by increasingly detailed knowledge about individual processes and process steps or
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Fig. 1.1 Hierarchical model of an industrial automation pyramid based on field-level sensing. The
first level or “field level” comprises the physical devices such as actuators and sensors. The second
level or “operation level” includes logical devices such as Programmable Logic Controllers (PLC)
or PCs usually found in complex machinery. The “supervisory level” (third level) corresponds
to the supervisory control and data acquisition systems (SCADA) used to monitor and operate
individual processes. Themanufacturing execution systems (MES) are responsible at a higher “plant
level”. The top of the pyramid (“enterprise level”) comprises the company’s integrated management
system (ERP) controlling the company’s global operations. Providing, implementing and evaluating
hardware that enables precise in-process data to be gathered within a comprehensive concept for
quality assurance is a key target of the present book

technologies. In matters of smart manufacturing knowledge management, the basic
data form the foundation for the higher levels, which are targeted towards manufac-
turing information, scientific understanding (e.g. providing predictive models), and
knowledge [25]. In the future, for some systems, e.g. for monitoring bonded repair of
composite aircraft structures, highest level standalone and autonomous opportunities
appear accomplishable from a scientific point of view [26].

Bearing these expectations and challenges, but also the self-limiting frame of
this book, in mind, we will introduce one comprehensive concept, ten pathbreaking
heuristic principles, and more than a dozen tools which are accessible for inter-
operability and facilitate implementing and operating a quality assessment (QA)
system. These form a profound base for quality assurance within a superordinate and
nevertheless interlinked qualitymanagement system.We expect that sensing systems
comprising ENDT tools and concepts [27, 28] as well as sensors and sensor concepts
[18] will thus provide a solid foundation both for this approach following Industry
4.0 and for quality assessment as a technical pre-requisite for quality assurance.

1.2 Technological and Regulatory Framework

In this section,wewill introduce a succinct description of adhesive bonding processes
and render some aspects of quality assurance and monitoring before describing
the ongoing advancement of quality assessment with a focus on adhesive bonding
processes. After detailing ten heuristic principles for quality assessment, we will
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integrate methods and tools for ENDT. Finally, we will present a concept for ENDT
and quality assessment in adhesive bonding, which will then be further elaborated
in the subsequent chapters of this book.

1.2.1 Adhesive Bonding Processes

The track record and success story of adhesive bonding technology are based on
establishing and safeguarding reliable joining processes. The early one and a half
decades of the twenty-first century highlighted that quality assurance “for correct
adhesive application and documented via certification” contributes to minimising
faults, saving money, generating trust, promoting the wider use of adhesives, and
sustainably improving the image of adhesive bonding, which may be clouded by
observations that “bonding errors are often still encountered” [11]. So, let us first
and foremost grasp a clearly arranged and predominantly technical image of this
promising joining technology.

According to DIN EN 923, adhesives are non-metallic substances capable of
joining materials through surface bonding (adhesion), with the bond possessing
adequate internal strength (cohesion) [9]. The result of applying bonding as a mate-
rial joining technique, i.e. the product of the bonding process, is an adhesive joint.
Concerning the feasible lifecycle of an adhesive joint, such a bonding process may
occur during manufacture [12] or during repair [29].

Characteristically, an adhesive bonding process may be divided into consecutive
phases of the preparation of the constituentmaterials (such as adherends, [optionally]
prepregs and the adhesive system comprising [optionally] primers and the adhesive),
the application of the adhesive system, the assembly/lay-up, the curing and the final
finishing. Each of these phasesmay be subdivided into further steps and finally strung
together to form the process chain [30].

In the framework of these technical processes (or process chains), the adherend
and adhesive materials may be described as operands, i.e. objects with initial relevant
properties that are changed by the effect of one or more factors [31]. Following
a procedure presented by Mattmann [31] for describing a product lifecycle, these
factors are provided by technical systems denoted as operators. Correspondingly, at
the end of a bonding process, the final state of the operands is different from the initial
state, with the difference being described by the new, process-induced properties. In
most cases, the bonding process is a successive multi-step process which may be
described as a process chain with a chronologically defined sequence of process
steps grouped in process phases [30]. Other operands in addition to the adherends
and the adhesive will often need to be considered, e.g. in the case of a multi-layer
adhesive system.

Therefore, in a short formal description consistent with Mattmann’s approach
[31], we suggest the diction for the adhesive bonding process as comprising the
time-dependent (state and property) transformation T(t) of several operands starting
from an (overall) initial state Si(t0) prevailing at the onset of the process at the point
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in time t0. When the process is completed at time tf, a final state Sf(tf) is achieved. As
expressed by Eq. (1.1), the states Si(t0) and Sf(tf) are described by property vectors at
the defined points in time t0 and tf, and the achieved change and difference resulting
from the process. Within a process chain, the operand is unequivocally described by
the entity of its properties (in three spatial dimensions) at any time (as the fourth
dimension) for all consequentially feasible intermediate process states.

Sf(tf) = T(tf) • Si(t0) (1.1)

In a technical engineering approximation highlighted by Eq. (1.2), among the
operand properties, process-relevant time-dependent features, such as sA(t1) and
sB(t1), may be identified based on the requirements to be met. Thus, the related
feature vector S(t1) is a quantitative descriptor for the prevailing state of the operands
as governed by the effect of the, respectively, performed set of operations, represented
by the transformation T(t1), having been executed for (i.e. until) the point in time t1.

S(t1) = (sA(t1), sB(t1), . . .) (1.2)

Subsequently, the initial and final states of the operands will be technically
described by the feature vectors S(t0) and S(tf), respectively. Clearly, the complete
description of these states using the respective property vectors may comprise addi-
tional properties which are not significantly modified during the course of the adhe-
sive bonding process. In this way, the pursued concept for systemically approaching
the features will determine the accuracy of this approximation, which in practice will
crucially depend on the iteratively achieved process and material know-how.

In a nutshell, following this diction the adhesive bonding process is described
by the time-dependent procedure and changes of both the operator and operand
states, as highlighted in Fig. 1.2. In more detail, when implementing such process
representation as described by Eq. (1.1), the estimated operator-operand interactions
may either be neglected, i.e. considered small as compared to the main effects of the
operations affecting the operators or the operands, or they may be included in the
concept of the operator or operand.

Visualising the first approach, a process in a controlled environment—with small
and controlled deviations from a known and understood procedure described by
(T + �T)(t) • (Si + �Si)—may be assessed based on the knowledge of the main
effects in the “reference” process, e.g. a qualified process. As a first example, in a wet
cleaning step, the accumulation of known auxiliary materials of preceding process
steps within the cleaning bath is maintained within evaluated parameter intervals
[(T − �T)(t), (T + �T)(t)] through the tailored measures of the process control.
As a second example, identifying a deviation of the adherend surface cleanliness
exceeding the evaluated parameter interval [(Si − �Si), (Si + �Si)] may result in
deciding to perform a further, e.g. repeated, cleaning step rather than deciding to,
e.g. change the adhesive system of the following bonding steps.

Visualising the second approach, the material-dependent effects of processes may
be attributed to respective material features in a material-specific process described
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Fig. 1.2 An example of a process chain in adhesive bonding, with operands (with a blue outline)
being successively changed through a time-dependent transformation T (t) from an initial state
Si (t0) to a final state S f

(
t f

)
due to the effects of the operators (with a grey outline). In this example,

the top adherend is partially covered by contamination (shown in yellow) at the beginning of the
bonding process

by T(t,Si), i.e. promptly adapting the operator action following the detection of
deviations froman “expected” initial operand state. For instance, in the curing oven of
an adhesive bonding process, the temperature reached by the pre-connected adhesive
system and adherends within a given timemay be consciously adjusted following the
heat capacity and heat conductivity of the involved materials and devices. Therefore,
using different operands will mean applying a different, “new” process tailored to
the materials and the geometry of the joint to be manufactured.

From our point of view and following the perception highlighted in Fig. 1.1,
technically facilitating the first approach is currently feasible and in the near future
will increasingly be substantiated based on access to manufacturing information. We
expect that the second approach will require a more profound understanding, which
will prospectively be provided by longer term information-related data evaluation.

When geometrically extended specimens or even devices are to be adhesively
bonded, the comprehensive prevailing feature vector S(t1) may be complex and
comprise regions of the devices which are insignificantly affected by the consid-
ered bonding process. In such cases, a reduction of the topological complexity of the
respective process description may be necessary and can be achieved by predomi-
nantly embracing the relevant conformational elements, e.g. those characterising the
design regions comprising the bonding areas of the adherends. As adhesive bonding
is based on adhesion, the feature vector describing the operands “adherend1” and
“adherend2” shall necessarily comprise the surface properties of these solids in
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the bonding region. Meanwhile, the time-dependent feature vector describing the
adhesive system shall comprise the interaction with the adherend surfaces.

In the following sections, we will demonstrate the application of these aspects for
a described bonding process.

1.2.2 Quality Assurance and Monitoring

According to a strict definition, quality is first and foremost the compliance of
services with the requirements. These requirements can be created by customers,
manufacturers or users, but also by the services themselves. Briefly, with respect to
competitiveness, an essential aspect of quality is “the elimination of waste” [32].

However, there is also a far-reaching aspect behind the term quality, one which
is often associated with product safety and by extension, for example, the financial
success of a company. The reliability of a product can often only be achieved through
good quality. Moreover, high-quality products provide the basis for manufacturing
in the high-wage countries of the EU, as these reach higher market prices. Neverthe-
less, quality control is a challenge for many manufacturing companies. House-made
standards and testing standards usually help to achieve internal quality goals, but
in order to demonstrate quality to external customers, it is often necessary to refer
to norms and known standards or even be certified according to a recognised stan-
dard. Therefore, proof of compliance with a standard is provided by a certification
process, followed by the issuance of a temporary certificate by independent certifi-
cation bodies. One of the best-known quality standards is ISO 9001, which specifies
a quality management system that an organisation (e.g. in the frame of a manufac-
turing process) must meet in order to comply with the quality requirements. Among
other aspects, it introduces the concept of the so-called “special process”, which
is a process “in which the result cannot be fully verified (checked) by subsequent
monitoring and measurement or non-destructive testing of the product” [33]. This
includes processes such as welding or bonding. With these “special processes”, a
strategy for avoiding errors must be developed through a complete planning of the
process, whereby all error-influencing factors must be identified and defined. In the
production phase, all parameters must be checked and finally documented for the
feasibility of the considered process. Even if this standard only defines the minimum
requirements for a quality management system, the basic idea is ingenious. Secured
processes prevent errors at specific points in the process, and over the entirety of
the individual secured process steps, the quality of a product is controlled [34]. An
example detailed by Espie et al. [32] highlights that “adhesive bonding can be a more
complex procedure to control than other joining methods”, demonstrated by the fact
that “on a car assembly line spot welding is the responsibility of one station, but up
to five points of the line can contribute to success or failure of a bonded joint”. This
indicates of course that the basic idea of ISO 9001 must be put into practice in a
technology-specific way, since it is very general and the quality management system
only conducts specific checks. It does not contain any further information on specific
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application techniques such as joining technology, e.g. bonding. Based on the core
idea of ISO 9001, standards such as DIN 2304 [35] apply and specify the require-
ments in a technology-specific manner. DIN 2304-1 specifies requirements for the
quality-assured execution of structural, i.e. load-carrying, adhesive bonds along the
process chain of bonding—from development to manufacture and repair—and thus
provides a basic framework for achieving high-quality bonded products.

Quality management thus comprises the product which the customer is buying,
the process to manufacture or deliver this product, and the organisational system
behind it [32]. Aiming at effectively implementing the continuous improvement of
the product, the process and the system, the monitoring of events is desirable in
addition to establishing a controlled environment [32]. Perceived as a tool, “the
essence of monitoring is to look at trends and changes (or the lack of them) over time
to reveal actions necessary to be taken with processes and the system, or to confirm
that all is well” [32].

One immediate effect of monitoring in the age of digitalisation is that data are
not only measured but also stored in great quantities, making them accessible for
extensive evaluation and analysis [23]. Formally, the acquired data contribute to a
complexmaterials characterisation data space. The precise format and architecture of
such data are subject to ongoing research and industrial initiatives, e.g. considering
concerted taxonomies and ontologies for contextual data. For example, Allotrope
Foundation, founded in 2012, “is developing advanced data architecture to trans-
form the acquisition, exchange, and management of laboratory data throughout its
complete lifecycle” [36].Within the Allotrope Taxonomies DomainModel, an entity
of data is composed of the five domains of material (e.g. sample), equipment (e.g.
spectrometer), process (e.g. method), result (e.g. spectrum) and property (of the data
type or object). A similar approach for laboratory data appears feasible for struc-
turing in-process monitoring data. Indeed, for the evaluation of monitoring data as a
tool of quality control, mathematical, e.g. statistical, approaches are currently being
discussed in the literature, which deals in-depth with structuring, e.g. clustering, the
data and identifying their relevance to the quality of a manufactured product. Some
key aspects are the following:

• Monitored data, i.e. the data vector or matrix obtained, may include on the one
handmeasurements of process variables related to themanufacturing process (and
formally T(t1)), and on the other hand measurements of quality variables related
to the manufactured product (and formally S(t1)) [37, 38]. For example, statistical
processmonitoring (SPM) is based onboth process variables andquality variables,
while the focus of multivariate statistical quality control (MSQC) literature is on
the monitoring of quality variables [37]. As highlighted above, the measurement
process itself also consistently requires process monitoring and documentation.

• Process variables are often measured frequently and come in large quantities,
while quality variables are measured at much lower rates and often come with a
significant time delay [37].

• Root causes of potential quality problems may sometimes be related to a set of
certain process variables [37], which is why two [39] or more [40] sub-blocks
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for process data have been suggested, depending on their correlation with quality
variables which are characterised by, e.g. mutual information (MI) values [39].

• Smart manufacturing which links physical and cyber capabilities will profit from
managing large amounts of information and will facilitate improved diagnostics
and prognostics, e.g. for fault detection or predictive maintenance [41]. Manufac-
turing operations and product quality may be improved by implementing process
analytics delivering high-quality data and by “incorporating subject matter exper-
tise in solution design” [41]. Combining such domain knowledge like subject
matter expertise in analytics with the process and material expertise appears
especially relevant to approaching the relationship and possibly the correlation
between the measured data vector and the material feature vector S(t1).

• Additional information for quality control purposesmay be generated by a combi-
nation ofmultiple information sources (that provide data) using information (data)
fusion, e.g. by combining non-destructive testing and simulation [42]. Berger et al.
laid out that “concurrent”, “complementary” and “cooperative” integration types
may be considered, depending on the amount and types of sensors that are being
applied in combination. Following these authors, the method of combining data
from a sensor network depends on the spatial and temporal relationship between
the sensors.

The authors of this chapter forecast that in addition to regulatory requirements the
availability of appropriate non-destructive testing devices for monitoring will in the
medium term at the latest boost the frequency of their application, for instance, in
adhesive bonding technology and especially in view of quality variables. We recom-
mend identifying, monitoring and collecting high-quality data relevant to product
quality. In the subsequent chapters, and especially in Chaps. 3 and 4, we will draw
on subject matter expertise to characterise and categorise monitoring techniques and
devices.

As depicted in Fig. 1.3, our quality monitoring approach will follow a descrip-
tion of a material analytical process considering an impacting probe Pi, a detected
probe Pd and their interactions with the investigated sample material. The Pi-sample

Fig. 1.3 The material
analytical process
considering an impacting
probe Pi (solid line) and a
detected probe Pd (dashed
line) as well as their
respective interaction
volumes with the
investigated sample material
comprising the sample
surface



1 Introduction to Recent Advances in Quality … 11

interaction volume may be larger than the information volume produced by the Pd-
sample interaction, but due to causality not vice versa. Finally, the focus will be on
knowledge-based monitoring, which needs to answer the key question of this book:
“How significantly does the state of the detected (set of) probe(s) Pd depend on the
state of the monitored operands?” Evidently, monitoring the state of the operators is
equally essential.

We observe that advanced information in combination with cyber-physical
systems is currently establishing the fourth generation ofmanufacturing [41]. Indeed,
in the past two decades the assessment that “monitoring adds cost but no value and
may save cost at a later stage” [32] may have even hampered the speed of innovation
in quality monitoring techniques, since “it is very hard to get companies to invest
in something of which the added value is vague” [43]. Based on interviews with
representatives from the NDT sector, C. Wassink spotted that companies looking for
NDT solutions appeared to do so at a rather low aggregation level (plant-by-plant
basis), on a rather small time scale of weeks or a few months, and by predominantly
addressing technical issues. Subsequently, he suggested that a new and alternative
innovation mindset should be applied at the industry level and on a time scale of
several years, advancing innovation by multiple iterations and improvements and by
widening the focus from mere defect detection to safety and risk reduction consid-
ering the economic value and social acceptance. Such an approachwas to be followed
by “mixed teams of practitioners and scientists” that were formed “to launch and
improve new innovative solutions” and to establish a shared vision and innovation
model comprising the active role of NDT service providers.

Following this perception, we intend the present book and the presented work
to contribute our subject matter expertise in analytics and in adhesive bonding tech-
nology to a vision implementing extended non-destructive testing, thereby embracing
the far-reaching aspects underlying the concept of quality.

1.2.3 Quality Assessment for Adhesive Bonding

We dedicate this section to the advancement of selected aspects in quality assessment
for adhesive bonding technology over the past quarter of a century. We decided to
tackle this agenda by first inviting the reader to engage in some time travel to the
past decade of the past millennium, to about 1990. The idea is that we intersperse
numerous citations from the comprehensive report of the EUREKA research project
EU716 “Quality Assurance in Adhesive Technology” authored by Espie et al. [32],
which was already touched upon in Sect. 1.2.2 Quality Assurance and Monitoring,
thereby highlighting the awareness and vision of 20 years ago. The reader will thus
be given the opportunity to compare their experience and perception of the chal-
lenges and perspectives with ours, which will be detailed subsequently and can be
summarised as follows: Basic requests for in-process QA in adhesive bonding tech-
nology have been persistent for the past three decades, and these have been expedited
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with increasing intensity from several aspects. It is expected that, with the achieved
progress described in the following chapters of this book, they will advance quickly.

As outlined in the previous section, Espie et al. highlighted that quality
management in adhesive bonding relies on two major concepts [32]:

(1) “The control of joint design and specification of materials and processes”.
(2) “The process monitoring and/or inspection”.

In line with this, over one decade later a typical QA program was said to be
composed of three parts, including the aimof applying theQAconcepts and reference
to criteria for the acceptance of operands [44]:

(1) “Establishing limits on bonding process factors that will ensure acceptable
joints and product”.

(2) “Monitoring the production processes and quality of bond in joints and
product”.

(3) “Detecting unacceptable joints and product, determining the cause, and
correcting the problem”.

Nowadays,QA is assigned an evenwidermission, embracing the service life of the
product resulting from the bonding process. For example, sustainability is a central
environmental, economic and social concern on the “adhesive bonding roadmap”,
which was recently published by Dechema (Society for Chemical Engineering and
Biotechnology) and the Joint Committee on Adhesive Bonding (GAK), supported
by the German Welding Society (DVS), the Research Association on Welding and
Allied Processes, FOSTA (the Research Association for Steel Applications) and
iVTH (International Association for Technical Issues related to Wood) [13]. This
wider sense, based on the future-oriented public and technological perceptions,
makes further “increasing the trust in adhesives” the essential caption on the frame of
this roadmap. The three pillars for the roadmap are based on “managing production
processes”, “understanding ageing” and “computer-aided bonding (CAB)”. Within
the first pillar, aspired targets are “quality assurance using non-destructive testing
methods” using standardisation, guidelines and training and with—on the horizon
in the year 2025—the “introduction of health and monitoring systems”.

Thus, concerning quality assurance, we nowadays perceive that widening the
focus to include economic value and social acceptance (as highlighted by Wassink
[43]) is indeed a common sense in adhesive bonding technology.Moreover, it appears
that after mastering static aspects, the upcoming decade will focus on assessing
time-dependent changes within the operand materials during bonding and the appli-
cation of adhesive joints. Following the up-to-date “adhesive bonding roadmap”,
managing a production process will embrace non-destructive testing, 100% moni-
toring in production, networked systems and sensors, quality assurance and practical
NDT [13].

What foundation has been laid in this regard over the past three decades? What
contributions have promoted the progress beyond that which this book and its authors
intend to highlight? In 1989, Light and Kwun described in a state-of-the-art report
“the bonding process, the destructivemethods used tomeasure bond strength, and the
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various NDEmethods that have been evaluated for determining the quality of a bond.
TheseNDEmethods include sonics, ultrasonics, acoustic emission, nuclearmagnetic
resonance, X-ray and neutron radiography, optical holography, and thermography”.
They concluded that with respect to non-destructive evaluation (NDE), “each of these
methods has shown some limited success in detecting debond conditions”, and that
“at the present time” partially a “potential capability to differentiate qualitatively the
gradations between a good bond and a debond” is ascertainable, which may “provide
a correlation to bond strength” [30]. Approximately ten years later, in the EUREKA
EU716 project [32] it was claimed that in adhesive bonding processes “continuous
monitoring and compliance with documented procedures are required to provide
assurance of quality” because adhesive bonding is a special process. The “application
of general quality management systems already in place in manufacturing industry”
was one of the aims of this 3-year collaborative project between the Centre for
Adhesives Technology at The Welding Institute (TWI), Cranfield University and the
Department for Trade and Industry (DTI). The project “identified that highlighting
design and production issue during very early stages of design” and “well before a
component reaches the production stage … enabled potential problem areas to be
recognised and avoided”. We will return to this latter (design) aspect and begin by
reporting the details observed by researchers two decades ago.

In contact with eleven enterprises and institutions, exemplary manufacturing
process checklists were completed in the EUREKA EU716 project by following
the subsequent aspects/factors for describing and documenting the (two) adherends
of adhesive joints:

• Description of the part,
• Manufacturer,
• Grade,
• Incoming specification,
• Supplier QA status, e.g. ISO 9001,
• Acceptance test(s),
• Sampling basis,
• Key attributes (critical factors), e.g. physical form, chemical composition,

mechanical properties,
• Shape (critical factors), e.g. dimensions, tolerance,
• Surface condition (critical factors), e.g. as received, known contamination (like

oil, grease, moisture, mould release agents, dust, dirt), existing coating,
• Required surface condition prior to bonding,
• Pre-treatment(s), listing process, materials, monitoring methods.

Among the required surface conditions prior to bonding, several of the following
aspects were typically indicated by the contributing manufacturers:

• Not specified,
• No damage, e.g. intact peel-ply,
• Clean (we comment that from our viewpoint this could be “cleaned”, i.e. with a

cleaning process having been performed), grease-free, dirt-free,
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• Free of loose cement, gravel or dirt,
• Dry,
• Nocontamination frompreceding processes (steps), e.g. free fromabrasion debris,
• Untreated, or with pre-treatment (e.g. passivation, abrasion, as-processed, primer

application) and optionally with calibration within 1 h of bonding,
• Surface tension >56 mN/m,
• Less than a maximum number of pin-holes per length (or area),
• Sterile.

Among the monitoring methods for pre-treatments, typically one aspect among
the following optional methods was specified by the manufacturers:

• None,
• Operator control (for a solvent cleaning process),
• Visual examination, e.g. colour, side to be bonded, no evidence of contamination,

clean and dull appearance of (abraded) surfaces, reflectivity, thickness control,
optionally with specified illumination (e.g. strobe light),

• Surface temperature,
• Surface tension, e.g. ink,
• Non-oiled, handling kept to a minimum.

Further aspects recommended in the EUREKAEU716 report to be considered for
adherend materials checklists were appearance, surface energy, exposure, handling,
storage, and despatch. We would like to highlight in this context that with a techno-
logical background the (informative) Annex A within “Adhesive bonding of railway
vehicles and parts—Part 2: Qualification of manufacturer of adhesive bonded mate-
rials, English translation of DIN 6701-2:2015-12” [45] comprises an overview of
relevant aspects ranging from assessing the main function of the bond, surface
preparation, type of adhesive used, testing and degree of mechanisation.

The numerous and often rather qualitative selected aspects concerning the state of
the adherend surface(s) before the application of the adhesive system reflect concerns
that are common in adhesive bonding technology andwhich address the area that will
contribute to the bond line of the resulting joint. The integrity of this region often
is considered “a significant ‘Achilles heel’ in the outright acceptance of adhesive
bonding in structural engineering” [46]. Following M. Michaloudaki, who refers to
the situation prevailing in 2005, “the predominant strategy to quality assurance is
based on destructive testing of the bonded joint with subsequent statistical evalua-
tion”. She points out that “this procedure is combined with high costs and does not
allow 100% controlling of the components or a repair of defects occurring during
manufacturing” and, moreover, that such “testing itself or process mistakes during
manufacturing (e.g. false applicator nozzle positioning) inevitably lead to product
waste”. Essentially at the same time, M. Davis, a Principal Research Scientist at
the Directorate General Technical Airworthiness of the Royal Australian Air Force
attending a workshop of the Federal Aviation Administration in 2004 [47], reported
some observations considered characteristic for applying adhesive bonding tech-
nology for the construction and repair of (military) aircraft structures. The author
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considered surface preparation to be the “most significant factor in long term bond
durability”, and claimed that failures are often “caused by ineffective processes not
just contamination”. He concluded that “a clean surface alone is not sufficient”
and that “process specifications are useless unless properly validated”. Among the
“causes of service bond failures”, the author listed “inappropriate quality assurance
tests”. With this respect, he reported that “NDT only tells of bond-line gaps”, which
may be a reason why “you never hear reports about good bonds”. The situation
that “some OEMs claim good bonds, blame failures on operators” might be over-
come by a quality management that including as best practice “to manage quality
through the process, not just to measure it after bonding”. The author highlighted
that with respect to repair bonding, “requirements are the same as construction” but
“the processes are different”, e.g. with regards to surface preparation or the heating
and pressurisation because heater blankets and vacuum bags are often used instead
of autoclaves during production. We would like to highlight the essential aspect of
quantifying the process quality implied in these observations—an approach that has
typically been based on mechanical characteristics in the past decade. Glancing at
adhesive bonding as a substantial and complex technology, Niermann et al. [48–50],
when reviewing and discussing quality assurance aspects, outlined the distinct phases
and respective process steps, finally flowing into the manufacture of a well-designed
adhesive joint, i.e. the planning, concept, design and final development as well as
the production and the usage phases, which require cross-process quality assurance
measures. A guiding mechanical principle was highlighted for proving usage safety:
the load capacity throughout the service life must be greater than the expected loads.
The authors stressed that in production, processing parameters are to be defined
by manufacturers for cleaning and pre-treatment products, primers and adhesives,
and—above all—that these must be observed. Any change in the parameters should
occur (after being authorised) only after testing. Certified training courses in quality
assurance measures for bonding technology were identified to help recognise and
prevent errors from the beginning, and these were highlighted as an essential tool for
quality assurance in adhesive bonding [50].

In this context of a complex technology based on numerous process steps, from
a current viewpoint we would like to highlight again the relevance of the process
chain characteristics when manufacturing adhesively bonded joints. Interfaces for
handing over the operands from one process step to the next need to be as care-
fully addressed as the interphases between each adherend and the adhesive system.
Global sourcing from multiple sources may result in process steps being performed
at different locations and with a certain time delay, accompanied by storage, condi-
tioning or transport operations [51]. For example, a cleaning step preceding the
bonding steps is contained inmost adhesive bonding processes. The processmanage-
ment in parts cleaning aims at ensuring “sufficient parts cleanliness as required for
the respective follow-up process” with a minimal consumption of resources [52].
Consequently, within the bonding process chain an interface-comprehensive quality
assurance concept is required, e.g. involving expertise from cleaning specialists and
bonding specialists. Moreover, the exchange of quality-related information on the
state of the operands is expected to be especially intensive at such interfaces, and
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in practice an all-over monitoring is aspired to, reliably linking the process steps to
literally form a chain.

One accepted approach for assessing quality-related information about the state
of the operands is to introduce a process-control specimen which (i) accompanies
the production (or repair) parts throughout the phases of cleaning, assembly and cure
[45, 53], and (ii) remains accessible in the cured state for destructive testing, thus
documenting the effects of the performed bonding process. A second approach is
highlighted in this book and is based on extended NDT, comprising (i) in-process
monitoring of the actual operands by performing time-dependent control within the
very regions of technological relevance and (ii) post-process characterisation of the
resulting adhesive joints.

Generally speaking, we consider the objective in applying techniques to monitor
materials in the frame of manufacturing processes the same as two decades ago:
contributing to collecting and documenting facts [32] which support safeguarding the
compliance of the state of the material with the requirements, which are typically set
during the process qualification. This objective indispensably holds true for themate-
rial state, which corresponds to the product of themanufacturing process. Concerning
quality assurance in adhesive bonding technology and visualised in a pyramid model
in Fig. 1.4 (which is based on Fig. 1.1), considering additional elements of upstream
quality assurance is highly recommended. Technical provisions for pre-process

Fig. 1.4 Illustrative triangular pyramid showing actors—e.g. holding a European Adhesive Engi-
neer (EAE) qualification—as well as material and process-related aspects contributing to quality
assurance in adhesive bonding technology during manufacture or repair. The hidden and yet mean-
ingful rearward face of the tetrahedron is related to ecological aspects. Quality topics in blue
characters are the focus of the following chapters
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quality assurance, e.g. incoming inspection [54], and in-process quality assurance,
e.g. after each production step [9], are requested. This is because the closer to the
error source within the production chain the technologically relevant amendments
for clearingmaterial state deviations from the requirements are performed, the easier,
more precise, faster, more sustainable and altogether cheaper they can be. In addition
for the “continuous monitoring and control of process parameters”, qualified opera-
tional staff and compliance with documented procedures, as claimed by Espie et al.
[32], strongly contribute to the quality of adhesively bonded products. As highlighted
in Fig. 1.4, great emphasismust be placed on employee qualifications, processes, reli-
able testing equipment and first-class communication [51]. We recommend consid-
ering interface-comprehensive communication among humans, between humans and
machines (HMI or also human-computer interaction—HCI), and exchange within
cyber-physical systems (CPS) in this context.

From the analytical point of view, the implications for the monitoring techniques
and processes are manifold. A suitable monitoring should facilitate a comparison
between the actual states and the target states of the process and the material, i.e. the
states of the operators and the operands, and relevant deviations from the qualified
target state should be significantly and reliably be indicated. With the target state
typically being defined by a data interval, the monitoring process shall facilitate a
differentiation between, on the one hand, states corresponding to the boundaries of
that interval and, on the other hand, states corresponding to the centre of that interval.

In regard tomonitoring in adhesive bonding technology, the analytical requirement
for an in-processmonitoring process is, therefore, much less complex than predicting
the extent of property deviations for the ultimately manufactured adhesive joint or
predicting properties which are not accessible without destructive testing, like the
initial (or even the final) joint strength (respectively fracture toughness), which is
often a fundamental design specification. In other words and in view of the formalism
represented by Eq. (1.1), the monitoring is clearly not intended to contribute to
assessing S′

f = T′(tf)S′
i in the case that the initial feature vector S′(t0) = Si(t0) +

�Si deviates from the qualified feature vector Si or in the case that the process
characteristics T′(t1) = T(t1) + �T deviate from the qualified ones (T(t1)) Rather,
monitoring is intended to contribute to revealing whether �S(t0),�S(t1) or �T(t1)
are acceptable based on the qualified corridors, i.e. the parameter ranges which
conformwith the qualification. Therefore, the analytical requirement for amonitoring
process is “to look at trends and changes (or the lack of them) over time to reveal
actions necessary to be taken with processes and the system, or to confirm that all
is well” [32]. Concerning the surface properties of adherends before the application
of the adhesive system in a bonding process, the lack of changes or differences as
compared to the qualified process may reveal that the adherends are “ready to bond”
based on the requirements of this particular process, the material combination and
the application by customers. Clearly, among the required surface conditions listed
above an attribute like “bondable” was not indicated, possibly due to the fact that it
can hardly be considered a metric, numerical or steadily continuous material feature.
In contrast, “ready to bond” is considered to refer to the feedback given to a technical
operator or worker within the bonding process and is accounted for by the bonding
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supervisor in charge [11]. Such feedback is based on comparative monitoring and
evidence of compliance with the quality/requirement-relevant data obtained for a
qualified benchmark system. Finally, from the user’s point of view the monitoring
should be plausibly applicable in-line, in a non-destructive way, and executed at all
positions relevant to the technical properties of the product.

Further aspects intended to spur the approach between monitoring system
providers and users in adhesive bonding technology will be developed in the
subsequent sections.

1.2.4 Ten Heuristic Quality Assessment Principles
for Adhesive Bonding Processes

In this section, we present some qualitative aspects for discussion which we consider
relevant for assessing quality assurance in adhesive bonding processes [55]. We
call them heuristic principles and understand them here as a kind of set of prag-
matic rules of thumb which will need to be refined by ongoing research; never-
theless, we have formulated and recorded them to support the reader in directing
quality assessment in the direction of understanding and interpreting quality-related
data rather than merely gathering them. Inherently, these principles may become a
starting point for developing a guide for recommended practice. These heuristics are
also intended to be principles in the sense of a starting point for iteratively improving
the steps of the QA system. This improvement will contribute to further developing
a superordinate quality management system that contains targeted actions in cases
where the QA indicates quality-related issues. Based on experience (e.g. from the
ENCOMB project [27], detailed in the subsequent section), discussions (e.g. within
the ComBoNDT team [28] or with colleagues at Fraunhofer IFAM), ongoing litera-
ture studies (e.g. aspects fromNielsen’s contributions concerning the usability design
of user interfaces [56], or the methodology for discovery described by Kleining and
Witt [57]), we propose a consideration of the following ten heuristic QA principles
when targeting user-friendly quality assurance for the discovery of possible errors in
adhesive bonding processes.

Heuristic Principle 1: “QA during an adhesive bonding process shall comprise
the initial state of the operands, i.e. the adherends and the adhesive system, as
well as their final state, i.e. the adhesive joint”.

• An incoming component inspection is to be performed.
• At the start of the bonding process, i.e. at the initial time t0, the initial state of

the operands shall be characterised and documented. At best, this may include
properties beyond the quality-relevant features.

• During the bonding process, the complexity of the operands’ property vector
may be reduced by following a feature vector, which considers surface and bulk
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features. The data resulting frommonitoring these features are documentedwithin
the data vector.

• At the end of the bonding process, i.e. at the final time tf, the final state of
the operands shall be characterised and documented. At best, this may include
properties beyond the quality-relevant features.

Heuristic Principle 2: “QA shall comprise the time-dependent features
describing the state of the operands and the acting operators”.

• The process-relevant features shall be identified and then monitored during the
bonding process.

• Interactions between operands and operators are only accessible if the features of
all operands and operators are measured, especially close to the bonding region.

• Time intervals between measurements shall be chosen reasonably; they ulti-
mately govern the dimensions of the data matrix which comprises the data vectors
obtained at distinct points in time.

• Referring to adhesive bonding technology, the period during which QA is
performed may definitely go beyond the manufacture of the joints. This means
that it may encompass the manufacture of the operands themselves in addition to
the application of the joint (or non-destructive testing of the obtained joint when
applying application-specific operational demands).

Heuristic Principle 3: “QA shall be part of each step of an adhesive bonding
process”.

• The bonding process is considered a process chain of subsequent process steps,
with the chronological sequence being relevant (“non-commutative steps” that
follow causality).

• The time resolution of an assessment embracing the initial and final states of the
operands shall be improved by pursuing QA for each step within each phase of
the bonding process.

• The monitoring shall comprise process parameters (characterising the operators)
and quality-relevant features (characterising the operands), and the acquired data
shall be evaluated and rated following the QA approach.

Heuristic Principle 4: “The status of the QA monitoring system shall be made
perceivable”.

• The monitoring system shall be regularly calibrated using reference calibration
standards and referencematerials, and the determined status of the instrumentation
shall be displayed.

• The monitoring system and the subsequent data evaluation procedure shall indi-
cate to the adhesive bonding supervisor and to the respective worker the level
of quality of the performed measurement. Measurements of low quality shall be
rerun.
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Heuristic Principle 5: “As a result of a QA inspection, the QA system shall
give digital documentation/reports to the adhesive bonding supervisor and
indications shall be passed to workers”.

• The inspection system indicates information about the state of the bonding
process; decisions are taken and imparted by (interacting) persons who are part
of the adhesive bonding staff.

• An in-process and real-time availability of such information is often desirable
during the manufacture and repair of adhesive joints.

Heuristic Principle 6: “The position inspected by the monitoring systems shall
be promptly linked with the progressive position within the operand”.

• User-friendly representations of spatially resolved monitoring data should be
referenced to visual documentation (e.g. by scaled photographs) considering the
magnifications.

• For user-friendly representations of several discrete spatially resolved quality-
related data, the monitored regions of operands should be located considering
their relative orientation.

• The time of the monitoring should be indicated and it should be referenced to the
moment of the process start.

• Besides the spatial relationship between severalmonitoring devices andmonitored
regions, the temporal relationship between the acquired data also needs to be
considered.

Heuristic Principle 7: “Consistency with the DIN 2304 standard and the
qualified bonding process shall be assured”.

• These are the benchmarks to be achieved during a manufacturing or repair
process. Specifically, not only must non-bonding situations, such as a (local)
lack of adherend pre-treatment or adhesive application as well as kissing bonds,
be avoided, but also good bonds must be safeguarded and documented.

• Consider all process-relevant and application-relevant factors (in a controlled
system), involving the adhesive bonding supervisor in the QA process.

Heuristic Principle 8: “QA inspection shall help to optimize the bonding and
the QA processes”.

• The monitoring of quality data and process data for the operands and operators
as well as their evaluation and rating shall be documented.

• Workers shall be continuously educated and trained to contribute process-relevant
perceptions. Subjective observations and information given by workers shall be
stimulated and taken seriously and shall be documented and evaluated, aiming to
make them objective.

Heuristic Principle 9: “QA data shall be collected under the paradigm of the
maximum structural variation of perspectives”
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• During the qualification of the manufacturing or QA processes, the expected
variability of well-defined initial sample states shall be considered by scheduling
intervals of acceptable feature values.

• When performing monitoring, different (modes of) ENDT techniques shall be
considered. In detail, several mono-modal ENDT techniques may be applied or
multi-modal techniques shall be used.

• Time-dependent or stimulus-responsive interactions between ENDT probes and
the materials to be investigated shall be considered, both when documenting the
parameters of theENDTdata acquisition andwhen elaboratingENDTprocedures.

Heuristic Principle 10: “Analysis of QA data shall embrace the discovery and
quantification of similarities”.

• A first question to be quantitatively answered by the data analysis shall be “How
big is the similarity to the qualified operand state?”

• When an error is detected, a second question to be quantitatively answered shall
be: “Is the error pattern similar to known operand states which were deemed
necessary to reject during qualification?”

• Check the observed changes in process parameters and quality parameters for
common time-dependent trends, patterns or correlations.

• Basically, this aspect assesses part of the Industry 4.0 cyber-physical connection
and smart manufacturing because it aims to gain information by understanding
patterns and rooting causes to their situation and use cases [24, 37].

We anticipate that the thus assessed quality-related data sets will be amply
accessed for documentation, reporting and evaluation purposes. In particular,
capturing the features describing the actions of relevant operators contributes to
preserving often proprietarymanufacturing domain knowledge, which presentlymay
only reside in the heads of engineering staff [21]. Evaluating the monitored operand-
related features in the framework of manufacturing control will form the basis of
rule-driven decisions [21], for example, determining if a certain time-dependent
operand state is to be classified “in order” (or “not in order”), if actions are to be
taken, or which actions are expedient. On the one hand, we expect that such rules
and the recipes to be followed will be based on human reasoning in the decades to
come, but the availability of binary data will help to enhance and refine the criteria
upon which these rules work. On the other hand, documenting such rules themselves,
the human reasoning and strategies behind them as well as the decisions taken and
the formalised recipe to be followed is a task for the steady optimisation of the
interacting QA and quality management systems. We assert that this task will be
supported by ontologies. Therefore, we recommend applying a clear-cut taxonomy
for the elements of a production or repair process, and the things or concepts which
are subset to “operator” or “operand” will be specified with greater clarity, more
concretely, and customised for each manufacturing site.

Assessing sets of binary data which represent quality-relevant operand features
will be detailed in the following chapter. We will highlight, on the one hand, CFRP
adherends and adhesive joints thereof as exemplary and descriptive materials and, on
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the other hand,NDT tools tomonitor the quality-relevant features ofCFRP adherends
and/or adhesive joints thereof in the frame of quality assessment. Afterwards, wewill
introduce a concept for quality assessment in adhesive bonding which is based on
these environments, our experience and human reasoning.

1.2.5 Extended Non-destructive Testing for Bonding CFRP

In this section, we do not comprehensively survey all ENDT approaches, but instead
focus on the characterisation of composites based on fibre-reinforced polymers
(FRP), especially carbon FRP (CFRP), distinguished by layers made from elec-
trically conductive long fibres. We may highlight that the performance of adhesively
bonded joints manufactured from such composite materials depends on the intensity
of the operational loads towhich the adhesive bond is exposed during in-service oper-
ation (e.g. of an aircraft), on the density and size of defects such as debonds, pores and
delamination, and on the physico-chemical properties of the adhesive bond. While
the operational, environmental and mechanical loads are considered in the structural
design, the question remains as to how issues regarding the quality assessment of the
joints contemplated here were considered and tackled at the end of the first decade
of the third millennium.

In a nutshell, we may state that the defects in the joint area could (and still can)
be detected by means of conventional NDT. However, there were no methods avail-
able to test the physico-chemical properties of adhesive bonds. In more detail, we
present the complex line-up starting with the requirements for the said joints and the
main parameters affecting the product quality, which comprise the surface treatment,
joint configuration, geometric and material parameters, and failure mode [34, 58].
In their recent review, Budhe et al. stress that the durability of adhesive joints is
governed by environmental factors such as temperature and moisture (including pre-
bond moisture). Especially in the manufacture of automotive parts made from CFRP,
variations inmaterial quality (e.g. the thickness of the fibre-covering polymermatrix)
or a variety of different contaminations, to some extent with considerably varying
surface concentrations [16, 59, 60], call for the implementation of in-process surface
quality monitoring, e.g. using scattered light technology. Concerning the repair of
FRP structures, as for any substrate “skilled repair technicians, good surface prepara-
tion, well-designed repair procedures and the use of first-rate materials” are required
[61]. TheNationalCompositesNetworkBest PracticeGuide further highlights “strin-
gent quality control encompassing reliable damage detection, surface cleanliness and
texturing examination, drying to known limits, undertaking work within permitted
temperature and humidity envelopes, and controlling resin cure to manufacturers’
recommendations”, “followed by NDT inspection of the finished repair or destruc-
tive testing of sample coupons or bars”. During a typical repair procedure, thorough
cleaning and degreasingmay be succeeded by awater-break test and thorough drying
[61]. After finishing the repair, inspection and certification of the resulting outcome
are recommended [61].
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Considering the quality assessment in more detail, the available NDT tools which
can be applied during the production of FRP composites comprise facilities for
monitoring the flow front, curing degree, void content, and possible delaminations
(between matrix and fibres), for which established and various techniques are avail-
able, e.g. based on the electromagnetic, optical, mechanical or thermo-dynamical
properties [17]. We may summarise that quality assurance processes for adhesively
bonded CFRP primary structures that are not load-critical existed and were applied.
Adhesively bonded structures were (and are) inspected by means of such conven-
tional NDT in order to detect defects like pores, debonds or delaminations in the
joint area. The materials (e.g. adhesives, prepreg materials) and process parame-
ters (e.g. surface treatment, curing) were also controlled and monitored. In addition,
specimens that had run through the complete manufacturing cycle were tested by
both non-destructive and destructive methods to identify systematic process fail-
ures. However, in order to ensure the performance of adhesively joined load-critical
CFRP structures, technologies suitable for the detection of the adhesion properties
of bonded components were required [27]. Driven by central challenges within the
aeronautics industry and with the above-mentioned requirements set, the ensuing
development and adaptation of ENDT methods for the pre- and post-bond inspec-
tion of CFRP aircraft structural components is ongoing [62], and it is being expedited
as a basis for establishing a reliable quality assurance concept for adhesive bonding.
Briefly, as introduced in the ENCOMB project [27], the principle of such ENDT
methods is based on the detection of selected physico-chemical properties which are
important for the performance of an adhesive bond. Within the ENCOMB consor-
tium, leading experts in aeronautics research and development from ten European
countries cooperated to provide advanced non-destructive testing methods for reli-
able quality assurance of adhesive bonds in CFRP structural components, respecting
the fundamental aspects most relevant from a manufacturer’s and ENDT user’s point
of view. The constellation is schematically depicted in Fig. 1.5.

Two essential questions to be answered during the ENCOMB project were the
following:

• From the point of view of the manufacturing process: “Which changes in which
physico-chemical properties of the adherend surfaces and adhesives (i.e. the
discrete operands) result in which changes to the properties of the adhesive bonds
(between the joined operands), such as mechanical strength?”

• From the point of view of a feasible monitoring process: “Does a deviation in the
state of the monitored operands influence the state and distribution of the detected
(set of) probe(s) Pd?”

Concerning the physico-chemical properties of adherend surfaces, the degree of
contamination or the type and level of surface pre-treatment, for example, needs to
be considered. The physico-chemical properties of adhesives depend on a range of
conditions, from the curing parameters and age of the adhesive, to the application
parameters and ambient conditions. The adhesion, the morphology of the interphase
and the cohesion of the cured adhesive are a direct product of these properties and
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Fig. 1.5 The target and procedure of the ENCOMB project [27]. The focus of this project was
to identify, develop and then adapt methods that are suitable for the assessment of adhesive bond
quality, comprising investigations of CFRP adherend surfaces and adhesives. Not only the detection
capabilities but also the sensitivity of measuring techniques were tested, evaluated and improved in
order to achieve analytical results that could be quantified
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are fundamental to the strength and durability of the adhesive joint. If the physico-
chemical properties of adhesive bonds are not sufficient, then adhesion failure, weak
bonds or bonds that weaken in-service can occur. Based on this rationale, ENCOMB
identified and provided promising and developable non-destructive testing (NDT)
methods for the pre- and post-bond inspection of CFRP aircraft structural compo-
nents. State-of-the-art NDT techniques were screened, with the most suitable being
adapted to important application scenarios with regard to aircraft manufacturing and
in-service repair; finally, the performance was validated.

From the point of view of joint manufacture, the physico-chemical properties of
CFRP adherend surfaces and the quality of the adhesive bondswere affected by inten-
tionally applying different contamination levels down to the threshold levels of an
insignificant impact on bond strength. From the point of view of identifying capable
ENDT technologies, a screening was performed from among 31 technologies. Tech-
nologies facilitating a differentiation between treated specimens and a clean reference
specimen were then adapted and validated in five different application scenarios that
had been identified as being of primary importance for aircraft manufacturers. For
each of the application scenarios, several techniqueswere developed that were able to
detect different contamination levels and that had passed the validation step. Further-
more, several techniques with good potential were also developed further to comply
with the requirements.

With these advancements in mind, we may state that research and development
in extended non-destructive testing have been ongoing for over a decade, and the
advances are increasingly providing tools and procedures for approaching the tech-
nical aspects of quality assessment in adhesive bonding technology. The trends we
perceive in terms of progress in monitoring and the growing impact facilitated by
ENDT are highlighted in Fig. 1.6.

Details of several promising ENDT techniques as well as their present perfor-
mance and future potential in adhesive bonding technology are presented in the
subsequent chapters. The contributions in this book highlight the development status
which, as compared to ten years ago, clearly exceeds the prototyping stage, as will be
substantiated by the assessment of the respectively accomplished technology readi-
ness level (TRL). That being said, we are aware that the development of ENDT
techniques is at present very dynamic, and we are confident that further progress will
be achieved over the decade to come, motivated by the increasing interactions and
exchange of views between specialists in the fields of monitoring, quality assurance
and the manufacture and application of adhesive joints, accompanied by increasing
standardisation.

To exemplify the technological perspectives of ENDT for the decade to come,
we will focus on two of the surface-sensitive ENDT techniques, namely the aerosol
wetting test (AWT) and optically stimulated electron emission (OSEE), and deduce
advancements that may be achieved based on evaluating the dynamics of the respec-
tive measuring processes. Presently, key information is gained from the signals
measured after a certain fixed period of time, starting with the deposition of primary
liquid droplets or with the ultraviolet light illumination of the solid adherend surface,
respectively. This observation implies on the one hand that these time periods need



26 M. Noeske et al.

Fig. 1.6 Thefields of application for the inspection of operand-related andprocess-relevantmaterial
features, considering the schedule of an adhesive bonding process and thus, comprising incoming
inspection,manufacturing (or repair) inspection, and final inspection. The domain for ENDT inspec-
tion is shaded blue, and the basic contributions achieved in the ENCOMB [27] andComBoNDT [28]
projects are highlighted. We evaluated the availability and distribution of the respective inspection
tools and procedures qualitatively and indicate our rating by “+” (widespread), “0” (temporary), or
“−” (rather rare)

to be carefully documented among the ENDTmeasuring conditions in the respective
metadata set. We expect that this will call attention towards standardising formats
for documenting these metadata, e.g. for achieving interoperability, for instance,
following the approach developed by Allotrope Foundation [36]. On the other hand,
any observed time-dependent effects on the data may provide additional information
about the adherend surface state and may even be purposefully triggered or stim-
ulated. For the examples of AWT or OSEE based surface inspection, additionally
accessible adherend surface properties might be the rate of liquid (droplet) evapo-
ration or the electrical charging upon electron emission. Prospectively, the optically
stimulated electron emission of an adherend surfacemay be purposefullymodified by
the stimulus, which is temporarily effective during an AWTmeasurement, i.e. by the
deposition of aerosol droplets. A stimulus-responsive ENDT (SR-ENDT) approach
may be realised in this way [63].

As anticipated in Fig. 1.6 and as a first-hand example of advancing ENDT towards
a new and hopefully brilliant horizon, the following scope of this book is attributed to
the progress and outcomes of the three-year Horizon 2020 European research project
ComBoNDT [28].
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1.2.6 Concepts for ENDT and Quality Assessment
in Adhesive Bonding

In this section, as a consequence of the above-mentioned considerations for ENDT
and quality assessment in adhesive bonding, we exemplarily describe for the reader
a feasible concept which complies with the ten heuristics and the systematics upon
which the approaches described above are based, while also providing a compre-
hensive and customisable toolbox and schedule for implementing monitoring-based
decisions in a quality assurance system.

Following this concept, sets of several empirically obtained correlations will have
to be compiled between, on the one hand, destructively tested quantitative and design-
relevant joint features and, on the other hand, operand-based quality data measured
during the manufacture or repair of adhesive joints using ENDT. Each correlation is
obtained by systematically introducing disturbances of one operator-related process
feature (as performed within the ENCOMB project [27]), or even by introducing
disturbances of several process features together in a set (as performed within the
ComBoNDTproject [28]). For example, a disturbanceof oneoperator-relatedprocess
feature might be due to contacting the adherend surface, such as when the finger of
a worker touches freshly cleaned CFRP material. As a consequence, a deviation
of the material state from the requirements may result because during the contact
time some material may have been transferred from the finger to the CFRP surface.
Strictly speaking, the process characterised by accidentally touching the surface may
be referred to as a contamination (or a contamination operation), while the material
transferred as an effect of this process is a contaminant (or contamination agent)
affecting the CFRP surface quality.While bearing inmind the differences inmeaning
behind the words, the contemplated phenomenon might simply be referred to as a
contamination. However, the exemplified approach based on semantics highlights
that consciously recognising the cause-and-effect chain during a process chain is a
basic element of the quality assurance process, which may be built on monitoring
causes or effects (or even both) in the course of the quality assessment.

The working hypothesis behind the concept that we introduce to the reader is the
following. If all feasible (or pragmatically all imaginable) disturbances of process
features are identified, implemented and their effects tested, then such a set of all
feasible (or imaginable) empirically obtained correlations (based on the respectively
measured ENDT data sets and the data sets resulting from testing quantitative and
design-relevant joint features) will reveal

• Whether applying selected ENDT investigations will to a full extent provide
quality data that allow an identification (during the manufacture or repair process)
of all feasible (or imaginable) joints that will not fulfil the design-relevant joint
requirements as given by the qualification procedure;

• Whether one or several ENDT methods (or the measurement modes of multi-
modal ENDT tools) will be necessary to obtain a set of quality-related data which
covers and provides significant quality-relevant information for all feasible (or
imaginable) disturbances of process features;
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• Which measures of quality assurance are required in order to clear the detected
distinctive quality-related operand features of the particular joint;

• What the consequences are when potentially clearing quality-assurance actions
are taken in response to detecting a “not in order” state of the operands (already
during manufacture or repair);

• Which operator-basedmeasures of quality assurance are required in order to avoid
a recurrence of the observed variation in quality.

The concept thus relies on evaluating experimentally acquired data sets, and we
intend to devise a way towards an elaborate data acquisition process on the basis of
the following steps:

• The identification and quantification of feasible (or pragmatically all imaginable)
disturbances of process features;

• The separate or combined implementation of the identified and quantified distur-
bances in the fabrication of specimens, e.g. adhesive joints; testing and quantifying
the effects of an implemented quantified disturbance applying;

– An in-process quality assessment of operand-related features (e.g. using ENDT
approaches and methods), specifying both the limit and the probability of
detection (POD);

– Apost-process assessment of quantitative and design-relevant operand features
(e.g. performing destructive testing to determine the strength or fracture
toughness, including an inspection of the fracture pattern);

• Plotting the data set obtained by post-process assessment against the data set
resulting from in-process assessment, highlighting the significance of the consid-
ered operand feature for the quality of the product, with the obtained relationship
being specific for each implemented disturbance.

Weare aware that applying (at least) the integral parts of such a concept is presently
becoming increasinglywidespread and is entering the phase of research, development
and technology [15, 16, 63, 64]. In this book, we highlight the usefulness of our
application-oriented approach in a descriptive and concrete way.

The subsequently discussed set of sketches shown in Fig. 1.7 displays how an
application-relevant “not in order” statement which is based on destructively testing
quantitative and design-relevant operand features (denoted as Y), may be translated
to a threshold criterion related to an ENDT data set that comprises information on
quality-relevant operand features (denoted as y). In Fig. 1.7 we imply that instead of
the directly measured quality-relevant operand feature itself, its deviation from the
value obtained during the process qualification is considered. In an example of use
based on non-destructive quality assessment in adhesive bonding manufacturing, we
note on the one hand that following a common qualification procedure the design-
relevant operands feature Y may be joint strength, as obtained in a defined test
bench for as-manufactured or aged adhesive joints. On the other hand, following an
expedient ENDT monitoring procedure, a quality-relevant operand feature y may be
the surface wetting behaviour of one adherend, as obtained with a process-integrated
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Fig. 1.7 Schematic introduction to the concept of ENDT and quality assessment in manufacturing
processes, e.g. in adhesive bonding. For exemplification, the two functions y(x), and Y(x) were
selected as one-to-one functions in a way that for each value of operator-related process variables,
i.e. x, one value results in each one of the operand features y or Y. Y represents a design-relevant
operand feature, and y represents a quality-relevant operand feature. On the left column of the plots,
the functions Y(x) and y(x) are displayed, and on the right column the correlation Y(y)|x is shown,
tied with the boundary condition that the regarded process variable is x. More details can be found
in the text

setup prior to the bonding step. Basically, the correlation Y(y)|x links two observable
responses of testing procedures, with a Y and y pair being obtained for the same
disturbance x of the qualified bonding process.

We would like to accentuate that this set of sketches in Fig. 1.7 illustrates the
following:

• Figure 1.7a shows that the accuracy of the experimental approach may iteratively
be optimised aiming at finally introducing any disturbance in away that its grading
(e.g. represented by levels of intentionally applied contamination) is particularly
fine around the crucial value of the regarded process variable (denoted here as
x), which corresponds to the “in order”/“not in order” transition point of the
design-relevant operand feature Y; we would like to highlight here that such an
optimisation was one of the advancements achieved in the ComBoNDT project
as compared to the ENCOMB project;

• Figure 1.7b shows that variations around the crucial value of the regarded process
feature x should manifest in significant signal alterations upon an in-process
assessment of quality-relevant data y (e.g. concerning the signal obtained when
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applying ENDT; a minimum requirement is thus that the respective feature is
detectable by the ENDT investigation);

• Figure 1.7c shows that the result of an in-process quality assessment might antic-
ipate the “in order”/”not in order” categorisation which will be revealed by the
post-process inspection Y(y)|x of the manufactured specimen only if precisely
that investigated process feature x is the only uncontrolled feature of the inspected
process;

We would like to accentuate that the set of sketches in Fig. 1.8 aims at a more
elaborate contemplation and illustrates the following:

• Figure 1.8a corresponds to Fig. 1.7c and is related to effects resulting from the
impact of process variable x.

• Figure 1.8c, d, which are similar to Fig. 1.7a, b but address a different process
variable (namely X �= x), show that the progression of the characteristic line
y(X) is sketched differently from y(x), which is done to indicate that it is usually
specific, e.g. for the respective intentionally applied contaminations;

Fig. 1.8 The elaborated concept of ENDT and quality assessment in manufacturing processes, e.g.
adhesive bonding, which is central to this book. For exemplification, the four functions y(x), Y(x)
as well as y(X) and Y(X) were finally selected as one-to-one functions in a way that for each value
of operator-related process variables, i.e. either x or X, one value results in each one of the operand
features y or Y. Y represents a design-relevant operand feature, and y represents a quality-relevant
operand feature. In the left column of the plots, the functions Y(y)|x and finally both the functions
Y(y)|x and Y(y)|X are displayed (in plots a and b, respectively). More details can be found in the
text
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• Figure 1.8b, which is the aggregation of the sketches in Fig. 1.8a, c, d, shows that
to avoid false positives, the decision to set a threshold value in a binary in-process
categorisation is governed by the most sensitively detected process disturbance
whenever more than one process variable may not be controlled in-process.

We prominently applied the presented concept in the ComBoNDT project [28],
which is introduced in the next section.

1.3 Recent Joint Research for Advancing QA in Adhesive
Bonding

In the following subsections of the present chapter, we will introduce the reader to
the framework of the joint research project “Quality assurance concepts for adhesive
bonding of aircraft composite structures by advanced NDT” (ComBoNDT) [28]
and address its characteristics as well as the beating heart of this project, namely
our consortium. This project received funding from the European Union’s Horizon
2020 research and innovation programme under grant agreement No. 636494 and
our consortium was active from 01-05-2015 to 30-04-2018 to achieve substantial
progress beyond the starting position described in the previous chapter. The present
book is based on the advances for quality assessment in adhesive bonding technology
which were achieved over the course of the EU Framework Programme for Research
and Innovation aspiring for smart, green and integrated transport. Briefly, the input
and the output provided by the ComBoNDT project is essential but not confining for
this book, and all authors of this book contributed to this project.

Subsequently,wewill detail the overall concept, the goals pursued in this book, the
step-by-step planning towards the achievement of the goals, the strategies followed
as well as the intended impact according to the project workflow.

1.3.1 Objectives and Rationale

The context in which we were working had previously been defined by the key
performance indicators (KPI) of the European aeronautics industry as defined by
Flight Path 2050 “Maintaining and extending industrial leadership” [65]. Among
these KPI, “process time reduction 80%, cost reduction 70%, and competitiveness
of products produced in Europe compared with those produced in low labor cost
countries” were the key factors inspiring the activities performed early in the second
decade of the third millennium. To this end, we aimed at the development of ENDT
tools for CFRP, adherend surfaces and bonded CFRP joints that could potentially
cope with the technological problem in two ways:
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• Safety improvement and cost reduction for building this kind of structure due to
more reliable and longer lasting adhesively bonded joints

• Augmentation of the competitiveness of the European aeronautics industry by
adopting such lightweight structures and joints, which may lead to a further cost
reduction and greener air transport

More precisely, even though there is a strong need to exploit the potentials of
lightweight CFRP structures in the aeronautic industry alongside the application of
adhesively bonded joints, their adequacy for primary aircraft structures remains low.
Despite the advances made in this sector as well as previous attempts, the short-
comings observed were caused mainly by the absence of adequate quality assur-
ance processes. The corresponding requirements concerning the quality assurance
of the manufacturing process of load-critical CFRP structures are particularly high,
as potential failures could directly affect the overall safety of an aircraft.

Considering the above-mentioned aspects, the implementation of reliable adhe-
sive bonding processes through advanced quality assurance would lead to the
increased development of highly integrated structures with an optimum combina-
tion of advanced composite materials, which would, in turn, minimise the use of
the rivet-based assembly. Consequently, metallic assembly concepts would poten-
tially be surpassed through a redesigning of the structures. The benefits of such a
procedure can be crucial, especially in the field of weight saving, which may be
expected to amount up to 15% in the case of the fuselage airframe. This could
have further positive effects on the size and weight of other aircraft parts, such
as the engines or the landing gear, causing in parallel a reduction in both the fuel
consumption per passenger-kilometre and the operating aircraft costs. Furthermore,
a significant reduction in greenhouse gas emissions (CO2) would contribute to the
mitigation of climate change and further improve the environmental performance of
the transportation sector.

The already established quality assurance processes for adhesively bonded CFRP
non-critical load structures are based on measurements using methods suitable for
the detection of potential defects (pores, debonds, delaminations) in the joint area.
However, using such conventionalNDTmethods does not facilitate a detection of any
further defects of interest, such as kissing bonds, nor does it assess theweakening of a
geometrically intact bondline. Thus, the development of quality assurance processes
which, on the one hand, provide a correlation to the physico-chemical properties of
the probed adherends and adhesives and, on the other hand, could make the adhesion
properties of bonded components accessible had to be spurred. This goal also met the
EASA (European Aviation Safety Agency) certification requirements for structural
bonding [66]. Our research and development (R&D) in ENDT techniques aimed at
establishing reproducible and reliable non-destructive inspection tools in order to
ensure the manufacture of joint structures that reliably feature the required strength.

In a nutshell, our overall objective was to develop a quality assurance concept for
the adhesive bonding of load-critical CFRP primary aircraft structures, which could
be applicable within the whole life cycle of the aircraft to overcome the current limi-
tations regarding the certification of composites. Therefore, we established a detailed
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approach regarding in-line ENDT for CFRP materials at an increased technological
readiness level (TRL), both in-process and post-process.

Applying ENDT technologies, we aimed to overcome the limitations of conven-
tional NDT methods and allow the reliable assessment of the surface state of CFRP
adherends as well as the quality of the final adhesive joint. We focused on the imple-
mentation of previously developed ENDT techniques, their assessment and, poten-
tially, the increment of their TRL. The integration of these techniques into future
adhesive bonding process chains, quality assurance concepts and material testing
for maintenance processes could pave the way for the safe and reliable integra-
tion of lightweight structures into aircraft design. Applying the bonding of complex
lightweight structures and the replacement of the traditional riveting method may
overcome the use of CFRP as a “black metal”.

Among the most important topics to which the book aims to contribute is the
establishment and strengthening of the production and material testing processes at
all stages of an aircraft’s lifecycle using the previously mentioned quality assurance
concepts. A fast and precise detection of surface contaminations and defects like
kissing bonds in bondlines could help save time (up to 70% time savings usingENDT)
during production, maintenance, overhaul, repair and retrofit. This way, aircraft parts
could be checked for contaminants without disassembly or time-consuming steps.
Also, parts of the aircraft could be replaced or fixedwhen necessary, resulting in up to
50% higher cost efficiency for ground operations. All of the above will significantly
contribute to the competitiveness of the European aircraft sector.

The advancement of highly promising ENDT technologies was necessarily tested
and demonstrated exemplarily in the frame of two fields of application, namely
aircraft manufacture and in-service bonded repair. These fields of application deter-
mine the requirements in terms of the detection capabilities (e.g. of unknown contam-
ination), applicability and robustness (i.e. TRL) that need to be met by the ENDT
technologies. Thematurity of the techniqueswill also involve approaches concerning
automation and industrialisation, which means that aspects like the mobility of the
measurement setup, objective and unambiguous data evaluation and interpretation
were also addressed. In more detail, among the main objectives for our research
and development was the incrementation of the current maturity level (TRL 3–4)
to a TRL of 5–6. The aim of an increased TRL was addressed both as a measur-
able project result and a ground-breaking step towards the implementation of the
developed ENDT techniques in real application scenarios.

The improvement of material testing during manufacturing as well as ground
operations (overhaul, maintenance) will allow the automation of processes that are
currently performedmanually. The resulting time savings (in combination with more
reliable results) should also be utilised to obtain measurable results by comparing the
state-of-the-art process with the newly developed techniques. An important step was
therefore the determination and improvement of the performance of ENDT in terms
of the speed of inspection and data evaluation (aim: 10 min/m2 of the inspection area
at three to five times faster than the current state of the art).

In summary, a successful R&D process would enable
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• The reliable and reproducible detection of unknown and potentially multiple
contaminations on adherend surfaces;

• The reliable and reproducible detection of poor bond quality in bonded adhesive
joints;

• A robustness of methods and a suitability for fieldmeasurements in aircraft manu-
facturing and repair environments in terms of detection limits and measuring
speed;

• ENDT technique(s) which are validated in the relevant environments (TRL 5–6).

1.3.2 Concept and Approaches

Regarding the overall concept, the aircraft manufacturers within our project consor-
tium provided the other partners with their demands and targets, aiming at the
successful exploitation of the research activities. The sketch displayed in Fig. 1.9
summarises our overall conception of this book and its chapters:

We greatly benefited from the outcome of the EU FP7 project “Extended nonde-
structive testing of composite bonds—ENCOMB” [27], the results of which were
detailed in the previous chapter. Launched back in 2010, ENCOMB involved
a screening of potentially suitable techniques for the characterisation of CFRP
adherend surfaces and adhesive bonds, whereby over 20 different non-destructive
technologies were tested. Several contaminations or defects (e.g. a silicone-based
release agent, hydraulic fluid, moisture, thermal degradation or poorly cured adhe-
sive) were introduced to adhesively bonded CFRP joints in order to adapt the
measuring techniques in such a way that the different contaminants and the resulting
effects on the bond quality could be detected down to relevant threshold values

Fig. 1.9 The conception of this book and its chapters
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(e.g. related to surface concentrations). Additionally, relationships were established
between the degree of the pre-bond contamination and the observed degradation and
themechanical performance of the resulting adhesive joint.We briefly recall here that
substantial progress was made with regard to providing the basis for an integrated
approach to the quality assurance of adhesive bonding processes. Against this back-
ground, when planning the activities reported in this book, it was of strategic impor-
tance that the R&D work reported here technically and methodically enhances the
most promising quality assurance concepts identified within the ENCOMB project
and advances them to a TRL of 5–6.

Moreover, we aimed at additionally exploiting the knowledge gained from a series
of further aeronautics and NMP projects while interacting with ongoing projects in
the field that were in a parallel state of progress, e.g. CleanSky [67] and BOPACS
[68]. To accelerate the further development of ENDT technologies for integration
into future adhesive bonding process chains aswell as allow the assessment of surface
quality before bonding and the quality of the finished adhesive joint, the work within
the ComBoNDT project was performed alongside test scenarios extracted from the
fields of applicationofmanufacturing and repair.Besides their relevance formanufac-
turing and repair, the outlined test scenarios represented as yet unanswered scientific
questions, such as the effect of adherend surface contaminations on the adhesion
properties, the overall bonded joint performance and the joint durability. To achieve
these goals, we addressed an increase in the degree of automation in connection with
a high reproducibility and an adequate measurement speed, an increase in the detec-
tion capabilities and the sensitivity of the techniques, a decrease in the costs and an
adequate simplicity of handling, in particular with regard to quantifiable results.

Considering all of the above, the ENDTmethods identified for further maturation
in the frame of the R&D work reported here were carefully selected with respect to
their suitability for the corresponding research approach. The techniques used in the
project already existed in the form of laboratory setups, and their applicability was
previously tested in the frameworks of other research projects. As summarised for our
readers in Table 1.1, feasibility studies were demonstrated in the early phase at the
beginning of this decade. To serve the book’s scope, as addressed in Sect. 1.3.1Objec-
tives and Rationale, the selected techniques to be maturated were selected because
they had previously demonstrated great applicability and effectiveness. Up to the
starting point of our recent R&D work, the ENDT techniques tested met the basic
requirements of a TRL up to 3 or 4. In some previously conducted projects, feasibility
and accuracy were tested for some techniques, which also demonstrated capabili-
ties of detecting and quantifying contamination and indicating failure scenarios of
CFRP relevant to aeronautics (ENCOMB, ABiTAS). Among these methods, only
the most promising and reliable were chosen for further investigation and improve-
ment. Considering the objectives of this book, their accomplishment was in selecting
the most promising techniques developed in previous research, as described above.
Hence, the ambitious technical goal of the ComBoNDT project was to transfer the
selected technologies from their current TRL state to a higher level (5 or 6). We
addressed this goal through activities performed in different fields:
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Table 1.1 Survey of national and international research and innovation activities connected to the
ComBoNDT project

Research and innovation
acronym and status

Main topics Relation to ComBoNDT

ABiTAS [69] Characterisation of adherend
surfaces with conventional NDT
with the aim of developing a
robust, flexible and economic
process chain for structural
assembly by adhesive bonding.
Surfaces after pretreatment were
screened, tested and optimised

The results of in-process surface
quality control of composite
surfaces with the aim of
achieving an increased TRL
level were applied for
ComBoNDT

ENCOMB [27] Screening of more than 20
different technologies suitable
for the characterisation of
adherend surfaces and adhesive
bonds, also those with a low
TRL (1–2). Distinct
contamination and degradation
scenarios were introduced to the
samples to test the eligibility and
versatility of the techniques

Much of the knowledge from
ENCOMB regarding suitable,
highly promising NDT for the
development of ENDT was
transferred to ComBoNDT. The
ENCOMB project finished in
April 2014, so the full benefit of
its results provided a foundation
for ComBoNDT

CleanSky [67] The influence of composite
surface properties on bond
durability in repair applications
was studied. The pre-bond
inspection of surfaces was a task
in this context

The studies within ComBoNDT
went beyond the work carried
out in CleanSky, especially
concerning the characterisation
of adhesives and the testing of
adhesive bonds by ENDT

BOPACS [68] The aim of BOPACS was the
weight reduction of primary
aircraft structures by developing
boltless adhesively bonded
joints. The focus lay on the
understanding of crack growth
and debonding expansion
mechanisms in adhesive joints
with an aim of developing
specific design features capable
of preventing crack growth

Some partners from BOPACS
were also members of the
ComBoNDT consortium
(Fraunhofer IFAM, Airbus
Group, LTSM University of
Patras). Thus, it was ensured
that the findings within
BOPACS were implemented in
ComBoNDT

• The first step included the test scenarios for the project’s scope as well as the
sample preparation and overview of the sample measurements as previously
definedbyboth the industrial endusers and the groundoperation service providers.

• The second step included the sample preparation, which complied with the
requirements defined by the industrial partners.

• The next step was the characterisation of pre-bond and post-bond quality by
reference methods using lab-based analytical methods. (The second and present
steps were of paramount importance as a high quality of samples was imperative
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to ensure reproducibility and comparability because the results of the ENDT
technologies would be compared to the results of the lab methods).

• The next step included the conduction of mechanical tests to address the influ-
ence of contaminants on the bond strength using both established and innova-
tive mechanical tests in samples with different levels of intentionally applied
contaminants and, thus, different influences on the bond strength.

• After the completion of the mechanical tests, the next step concerned ENDT
for the quality assessment of adherend surfaces (pre-bond inspection). The
performance of the ENDT technologies was adapted and optimised regarding
their sensitivity to detect the physico-chemical properties of adherend surfaces
with multiple pre-bond contaminations as well as their suitability in quantifying
the measuring results. This work included the further development of the tech-
nologies with regard to sensitivity, reliability, automation andmobility, the perfor-
mance evaluation within real manufacturing or repair processes, and approaches
for industrialisation. Another activity was performed in parallel which dealt with
ENDT for adhesive bondline quality assurance (post-bond inspection). Within
this activity, the evaluation and development of appropriate technologies with
high sensitivity formed the primary interest in order to determine the bondline
quality influenced by multiple pre-bond contaminations as well as to quantify
the results. The sensibility, reliability, automation and mobility of the techniques
were assessed by their implementation in real manufacturing or repair processes.

• A further step was the demonstration of the adapted and improved ENDT tech-
niques in real application environments for bothmanufacturing and repair in order
to reveal their suitability for future use in aeronautical industry applications.

• Another step was the validation and technological assessment of ENDT
methods and investigations. In this part, the work was aimed specifically at the
comparative evaluation of the produced innovations regarding their suitability for
measurements in production or in-service environments through an assessment of
their TRL (including simplicity of handling, time for data processing, detection
capability, costs, lifetime, etc.), in-line capability, mobility and robustness. This
activity also included probability of detection (POD) studies to evaluate the detec-
tion performance of each technique. In the frame of validation of the techniques
of the project, a round-robin test was used.

• Finally, the broad dissemination and exploitation of the results, in parallel to
the protection and safeguarding of the intellectual property rights of the partners
involved in the project, was ensured, as the reader may infer from the present
book.

• On the way to all these achievements, the overall project management was dedi-
cated to all activities, ensuring efficient project coordination towards achieving
the project’s objectives.

Following the conceptualisation and throughout the course of our R&D work,
distinct levels of pre-bond contamination, the influence of which was addressed via
mechanical testing, needed to be previously detected and preferably discriminated
by the ENDT techniques and quantitative evaluation of the quality-related data.
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Table 1.2 Approaches pursued within this book, characterised by different types of test scenarios
addressing the fields of application for in-plant manufacturing and in-service repair based on
adhesive bonding

Sample
geometry and
surface state

Fields of applications investigated

ENDT for pre-bond (a) and post-bond
(b) quality assurance for manufacturing

ENDT for pre-bond (a) and post-bond
(b) quality assurance for repair

• Test
coupons
(flat
surface)

• Multiple
contaminants

• Pilot
samples
(complex
geometry)

• Multiple
contaminants

moisture contamination
release agent contamination

Skydrol© contamination
adhesive bondline

From a manufacturing perspective, in the production scenarios, a contamination
of adherend surfaces with, e.g. release agent and moisture was considered to be
highly relevant. A variation due to the impact of moisture, hydraulic fluids such
as Skydrol©, kerosene or de-icing fluid may also occur during aircraft operation.
Therefore, corresponding exposures were taken into consideration for the repair test
scenarios. These scenarios with contaminations, relevant for the respective field of
application from manufacturing and repair, were applied to samples with increasing
geometric complexity to mimic technologically relevant situations, as displayed in
Table 1.2.

1.3.3 Aims and Key Aspects

The exploitation of lightweight CFRP materials for further use in aeronautic appli-
cations presupposes adhesive bonding as a very appropriate joining technology for
load-critical primary structures [62] and the compliance with the appropriate certifi-
cation (e.g. by the European Aviation Safety Agency, EASA). Due to the absence of
an adequate quality assurance concept which can guarantee the safety of adhesively
bonded joints and enable a corresponding certification, the previously mentioned
exploitationwas not possible. Such a quality assurance concept for adherend surfaces
and the contacting bondline is crucial for load-critical bonds and must be effec-
tive. However, quality assessment exclusively involving the already existing NDT
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testing methods is not considered sufficiently reliable [70]. As the major part (80–
90%) of any inspection is performed visually, it is very important for advances in
quality inspection that the technologically relevant effects of deviations from quali-
fied procedures, e.g. damage, which are not accessible to human sensory perception
can be sensitively detected and revealed in-process. Taking this proposition into
account, a number of research projects targeted addressing and developing innova-
tive NDT technologies in laboratory environments. These trendsetting technologies
should be able to monitor the adherend surfaces and bonded joints and assess their
quality-relevant features which may be affected by surface contaminations or mani-
fest in kissing bonds. To this end, the effect of single contaminants was assessed
for simple sample geometries. Nevertheless, these NDT techniques had not been
tested in scenarios of multiple contaminations or on realistic three-dimensional and
complex geometries.

In the frame of this book, we will highlight these tests comprising tools and proce-
dures for in-process quality assessment using pilot samples charged with multiple
contaminants; moreover, the techniques’ operation and their application are demon-
strated on real manufacturing and repair components. The aim is to prove their
suitability and reliability for surface and bondline quality detection and compilation.
This work is performed with the ultimate goal of the certification of CFRPs as the
primary material in critical structural applications. Another issue is the maturation
of innovative NDTmethods in terms of the TRL, considering the fact that these basi-
cally had only been tested in a laboratory environment. To this end, our R&D work
aimed not only at the increment of their TRL but also at building up a catalogue of
criteria for an assessment of ENDT techniques applicable to adherend surfaces and
bondlines of load-critical CFRP structures. In addition, within the developed concept
of assessing technologically relevant quality-related features, mechanical tests of the
resulting bonded joints were highlighted as necessary in order to determine the influ-
ence of contaminants up to a contamination level that shows a risk. Considering
that the existing standardised methods entail a high cost and work effort, focused
destructive tests providing selected specific bond strength parameters and statistics
were performed. Despite this issue, the mechanical tests chosen and performed were
those that appeared to be the most time and work-efficient, in addition to the most
innovative ones (i.e. the centrifuge test).

Mechanical testing

More precisely, when evaluating the influence of the intentionally varied adherend
surface state (clean, single or multiple contaminations) on the mechanical properties,
established standardised mechanical tests like mode-I, mode-II and mixed-mode
fracture toughness tests are widely used. These tests are time- and cost-consuming
due to complex sample preparation, destructive single-sample testing and manual
evaluation of the mechanical load and of the two obtained fracture surfaces. These
limitations for standardised testing have been recognised in many previous research
projects such as ENCOMB and ABiTAS. Although these significant standardised
mechanical tests were knowingly chosen to be performed in the frame of our R&D
work, we additionally used a newmultiple sample test (centrifuge-testing) because it



40 M. Noeske et al.

was ascribed great potential to overcome the limitations of standardised tests within
the BOPACS project. With this novel centrifuge test, up to eight samples can be
measured within five minutes. The measured mechanical properties have previously
shown accuracy with a very good precision and reproducibility. The novel testing
is cost-efficient, fast and reliable, and it indeed increased the information value of
mechanical testing compared to the results from standardised mechanical tests.

TRL assessment

TRLs are commonly used to evaluate the maturity of technologies (e.g. NDT tech-
niques, pre-treatments) regarding their degree of development and applicability in
industrial processes. There are several definitions of TRLs, e.g. from the EC for
H2020, from the U.S. Department of Defense, NASA and ESA; however, these defi-
nitions are more general without including specific criteria for special applications.
With regard to the fields of application addressedwithin this book (i.e. manufacturing
and repair), different criteria are relevant for TRL assessment.

Establishing a satisfactory catalogue of criteria for the assessment of TRL for pre-
and post-bondENDT technologies to be used in the fields ofmanufacturing and repair
for CFRP primary structures is a major challenge that will be elaborately assessed
in this book, especially by our co-authors from industrial consortium partners expe-
rienced in manufacturing and ground services. They worked on the creation of a
catalogue of requirements tailored specifically for the TRL assessment for ENDT in
the chosen fields of application. With this catalogue, a distinct determination of TRL
will be possible for the specific fields of application investigated within this book.
With a distinct and comprehensive TRL assessment, the comparability of the test
methods and the TRL improvements achieved within the project were measurable
and became very clear. TRL assessment was performed according to this catalogue
at the beginning (initial TRL) of our R&D work and at its end (final TRL achieved).

Monitoring of adherend surface conditions and bondline quality by in-line techniques

During the manufacturing and repair processes of CFRP materials, the quality assur-
ance of adherend surfaces has, up to now, been performed using the water-break
test for the large-area inspection of wettability properties [71]. Hydrophobic surface
areas (originating from residues of, e.g. release agents or lubricants) are detected
by changes in the wetting behaviour. The test is performed manually and its eval-
uation is done visually with an individual pair of human eyes and is, therefore, is
subjective and error-prone. The water-break test is followed by time- and work-
consuming drying and cleaning steps for the investigated specimens. Furthermore,
water-soluble contaminants cannot be detected by this procedure (though they might
have been present in the non-investigated surface regions as well), which is another
disadvantage. For the inspection of small areas, contact angle or also surface energy
measurements and test-inks are commonly employed. These tests only allow amoni-
toring of very small areas of the sample and require an additional cleaning step before
bonding, and it is even recommended that they be performed adjacent to the intended
bonding area, not inside it. Figure 1.10 shows a demonstrative example of applying
the water-break test (left) and an ultrasonic picture of a delamination in CFRP (right).
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Water-break test Ultrasonic picture of a delamination in 
CFRP

Fig. 1.10 The water-break test (left) and a state-of-the-art ultrasonic picture of the delamination
(right) of CFRP

Adhesively bonded structures are also inspected by means of conventional NDT,
e.g. visual inspection and audible sonic testing (tap test), to detect damages by
comparing the local perception to one obtained in the vicinity or with a reference
specimen. These tests are performed manually and are therefore subjective as the
results depend to a great extent on the concentration, skills and experience of the
operator. Furthermore, damage that is non-perceivable by unaided human senses will
not be detected. More complex measuring techniques like ultrasound, thermography,
shearography and radiography often need well-trained personnel and require time-
consuming spectrum evaluation steps. Current conventional NDT techniques allow
the detection of defects like pores, resin starvation/richness, wrinkles, discolouration
(e.g. due to overheating, lightning strike), disbonding and delaminations in the joint
area [72]. In addition, for ultrasound testing a couplant material such as water must
be applied between the sensor and the investigated surface. Expensive re-drying and
cleaning processes are therefore necessary and only single-point measurements are
possible [70]. The state-of-the-art devices do not provide the necessary information
for the quality assurance of adhesive joints and still have many disadvantages and
shortcomings. The aforementioned state-of-the-art methods and devices are further-
more limited by the fact that defects like kissing bonds and a weakening of bonded
joints cannot be detected.

Based on the results obtained within former research activities and extracted from
a literature review, we carefully selected NDT technologies based on their state-of-
the-art performance for further investigation in order to address these limitations. The
identified technologies proved their capability to successfully detect contaminants
relevant in aircraft manufacturing and in-service repair as well as to assess adhesive
bondquality.All of the selectedNDT techniques had the potential to reach aTRLhigh
enough for their use in manufacturing and repair environments in order to provide
quality control systems for surface and bondline inspection. The ENDT technologies
that are relevant for the R&D work within this book are listed in Table 1.3 together
with their main limitations in the early 2010s and the progress that was aspired to be
realised within the project.
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1.3.4 Impacts and Contributions

The use of CFRP as an innovative material for aircraft design has increased
immensely within the few last years [22, 29, 62] (the Airbus A350XWB is composed
of up to 53% CFRP), leading to an increasing demand for both high quality and
quantity of composite material and composite joints, accompanied by lower costs.
Adhesive bonding as a joining technology can enable the use of the full poten-
tial of CFRP as a lightweight material for aircraft design and is already used for
joining many CFRP-based aircraft parts. Admittedly, adhesive bonding has thus far
not been applied for load-critical CFRP primary aircraft structures. However, it is
highly desirable to facilitate adhesive bonding as a joining technology for load-critical
primary structures because adhesive bonding and adhesive joints possess numerous
advantages over other processes: homogeneous stress distribution, full automation
capability, lightweight design, strong and even complex structure design, capability
of joining two distinct materials, interesting properties in electrolytic and corrosion
protection and finally high fatigue resistance furnishing a longer service lifetime
compared to mechanically bonded structures.

Most of the aircraft produced nowadays contain a high amount of CFRP material
and therefore require the adhesive bonding of CFRP in manufacturing, maintenance
and repair [29]. From our point of view, this further emphasises the need for complete
and reliable quality assurance concepts based on appropriate and resilient ENDT
techniques for quality assessment. This large number of affected industry sectors
leads to the huge impact of the findings and achievements reported in this book. The
provision of quality assurance concepts (using ENDT techniques) for load-critical
primary structures will allow the increased and optimal use of CFRP and the replace-
ment of metallic assembly concepts resulting in weight, time and cost savings for
the aeronautic and all related industries. Moreover, it directly supports the certifi-
cation and continued airworthiness of repaired CFRP structures. The R&D work
presented in this book is clearly aligned with this objective through the maturation,
improvement and adaptation of ENDT technologies for the characterisation of, on
the one hand, the CFRP adherend surface state before bonding (pre-bond) and, on the
other hand, the CFRP bonded structures (post-bond) in order to establish complete
and process-comprehensive quality assurance concepts. We consider this the key to
overcoming current limitations for the use of CFRP in aeronautical applications.

We expect that the innovations reported in this book will result in substantial
socio-economic, technical and environmental impacts. Firstly, an impact will be
achieved by reinforcing the competitiveness of Europe’s aircraft industry and Euro-
pean aircraft operators by assisting the development of high technology SMEs and by
accomplishing an increment of safety resulting from more reliable components and
processes, whichwill strengthen and augment the reputation of the European aviation
and aeronautics industry. Secondly, our contributions will bring about an integration
of innovative materials in aeronautics as well as automated measuring processes
in combination with strong signal evaluation processes that will provide surface
and structural health data and contribute significantly to the reduction of human
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errors; therefore, an increment of safety will result from more reliable components
and processes, weight savings of aircraft will be facilitated, and an improvement of
the safety and operational capabilities of aircraft will ensue. Thirdly, a significant
reduction of energy for the performance of the inspection, for the manufacturing of
replacement parts and for the manufacturing of primary structures will be feasible,
as will a reduction of scrapping rates during manufacture or repair and a weight
reduction of aircraft.

Finally, we would like to highlight and acknowledge again the invaluable contri-
butions resulting from the strong cooperation within the ComBoNDT consortium
and promoted by the dedicated project management. The consortium consisted of
eleven partners, including major European aerospace companies as well as high-
level research organisations and universities experienced in aeronautics research and
development. The project team consisted of aircraft manufacturers (Airbus Group;
AERNNOVAComposites Illescas S.A.) in close collaborationwith the research part-
ners Fraunhofer Institute for Manufacturing Technology and Advanced Materials
IFAM (IFAM), Instytut Maszyn Przepływowych im. Roberta Szewalskiego Polskiej
AkademiiNauk (IMP-PAN),CentreNationalDeLaRecherche Scientifique (CNRS),
Agenzia nazionale per le nuove tecnologie, l’energia e lo sviluppo economico
sostenible (ENEA), University of Patras (LTSM-UPAT), and the Commissariat à
l’énergie atomique et aux énergies alternatives (CEA), together with the small and
medium-sized enterprises EASN Technology Innovation Services BVBA (EASN),
GMI Aero SAS (GMI), and Automation W + R GmbH (AWR).

1.4 Synopsis

In this chapter, we presented a short introduction to ENDT and quality assessment in
adhesive bonding processes relevant to the manufacture or repair of composite struc-
tures. We highlighted their relevance as field-level sensing systems for industrial
automation and also for literally safeguarding quality in various steps of adhesive
bonding processes. They will essentially contribute to quality assurance and optimi-
sation within a manufacturing technology that we consider the most auspicious of
the twenty-first century for innovations in joining functional or lightweight materials
and components.

Based on a fast, firm and formal description of adhesive bonding processes and
conferred to quality assurance, we determined that the analytical requirement for a
monitoring process is far less complex than predicting any property of the ultimately
manufactured adhesive joint, like the initial (or even final) strength or fracture tough-
ness, which is often set as a fundamental design specification. Rather, indicating
any deviations from a known, understood and qualified procedure will facilitate the
timely, purposeful and precise amendments for achieving and maintaining the tech-
nologically relevant material and environment states following the requirements.
All things considered, the documented compliance with documented procedures
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contributes to risk reduction and safety, while also safeguarding the economic value
and social acceptance of the processes and products.

We have detailed that, especially in the past decade, the monitoring of quality-
relevant operand features which are characteristic for the adherend and adhesive
materials has caught up with the virtually established methods and instrumentation
for controlling the acting operators, i.e. process factors which effectuate changes
of the operand features. A major contribution to this advance in operand QA was
traced back to recent developments of ENDT tools, e.g. in the European joint research
projectsENCOMBandComBoNDT.Moreover,we explicated the layout of a concept
that was developed in these interdisciplinary and applied research projects. This is
based on an interdisciplinary, comprehensive and forthright analysis and a description
of the supposedly controlled production environment andmonitoring of deviations or
events which occur when quality-relevant operator-related factors are intentionally
and quantitatively altered in technologically relevant increments.

We hope that we have intrigued our readers, and we will animate this concept for
ENDT and quality assessment in adhesive bonding within the subsequent chapters
of this book.
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Chapter 2
Characterization of Pre-bond
Contamination and Aging Effects
for CFRP Bonded Joints Using Reference
Laboratory Methods, Mechanical Tests,
and Numerical Simulation
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Abstract In this chapter, the pre-bond contamination and ageing effects on carbon
fiber reinforced plastic (CFRP) adherends and CFRP bonded joints are characterized
by means of reference laboratory non-destructive testing (NDT) methods, mechan-
ical tests, and numerical simulation. Contaminations from two fields of application
are considered, namely in aircraft manufacturing (i.e. production) and for in-service
bonded repair. The production-related scenarios comprise release agent, moisture,
and fingerprint, while the repair-related scenarios comprise fingerprint, thermal
degradation, de-icing fluid, and a faulty curing of the adhesive. For each scenario,
three different levels of contaminationwere pre-set and applied, namely low,medium
and high level. Furthermore, two types of samples were tested, namely coupons
and pilot samples (a stiffened panel and scarf repairs). The CFRP adherends were
contaminated prior to bonding and the obtained surfaces were characterized using
X-ray photoelectron spectroscopy. After bonding, the joints were tested by ultra-
sonic testing. To characterize the effects of each contamination on the strength of the
bonded joints,mode-I andmode-II fracture toughness tests, and novel centrifuge tests
were conducted on the coupons, while tensile tests were performed on the scarfed
samples. Additionally, numerical simulation was performed on CFRP stiffened
panels under compression using the LS-DYNA finite element (FE) platform.
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2.1 Introduction

The use of adhesive bonding in aircraft structures is increasing, both in the assembly
of structural parts and when applying composite patch repairs due to the numerous
advantages it offers over conventional joining techniques [1–4]. These include a
more uniform stress distribution in the area of the joint, the ability to join dissimilar
materials, the improved fatigue properties, and the attractive strength to weight ratio.
However, the use of adhesive bonding technology is presently limited to the joining
and patch repairing of secondary structures that are not load-critical. Amongst the
reasons inhibiting the certification of adhesive bonding for primary structures is the
sensitivity of the bondline integrity to the presence of defects, which might coun-
teract the strength of the joints. These defects are not accessible to visual monitoring
during the bonding process, and they usually are caused by a pre-bond contami-
nation of the adherend surface during either the manufacture of the joints or their
repairs. As conditions on the aircraft production line and in themaintenance/overhaul
shed are different, defects are categorized as either production-related or repair-
related. Table 2.1 lists the pre-bond contamination scenarios under consideration in
the ComBoNDT project.

Amongst the defects that might arise during the manufacture of adhesive joints,
the most critical ones are those that are not detectable by the available NDTmethods.
In addition to developing extended NDT (ENDT) methods capable of detecting such
effects [6], evaluating their effect on the strength of adhesive joints is of equal
importance. Early experimental studies conducted within the ENCOMB project
[1, 7, 8] have shown that undetectable defects caused by pre-bond contamination
may significantly degrade the mode-I fracture toughness of CFRP joints. In the
ComBoNDTproject, the experimental characterization has extended the current state
of research by conducting mode-I fracture toughness tests for additional contam-
ination scenarios, mode-II tests on the complete set of contamination scenarios
(Table 2.1), and novel centrifuge tests. The centrifuge tests are fast and cost-effective
tests that can be used to determine the adhesion strength of bonded joints. They serve
as an alternative to the fracture toughness tests, which are more expensive and time
consuming. In the test program of the ComBoNDT project, mode-II tests on aged

Table 2.1 The contamination
scenarios studied in Chaps. 2
through 5 in the ComBoNDT
project [5]

Production-related (P) Repair-related (R)

Release agent (P-RA) Thermal degradation (R-TD)

Moisture (P-MO) De-icing fluid (R-DI)

Fingerprint (P-FP) Fingerprint (R-FP)

Faulty curing of the adhesive (R-FC)
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joints have been also conducted with the aim of assessing the combined effect of
pre-bond defects and after-bond hygrothermal aging. The material geometry tested
comprises not only coupon-level samples, but also a series of samples that have more
complex geometries derived from real geometries in the fields of application and are
highly relevant for aerospace applications. These are the pilot samples and consist
of scarfed samples and individual aerospace component parts (stiffened panels).
These samples are used to evaluate the efficiency and check the applicability of
ENDT methods on more complex/curved geometries with multiple contaminations
in conjunction with a clean reference condition. With these samples, ENDTmethods
can be adapted to overcome the limitations arising from measurements on non-flat
surfaces.

The debonding process is already complicated since it involves a three-material
system (adherend, adhesive, and adherend/adhesive interface) as well as the
geometric challenges of the parts themselves. Therefore, to determine the effects of
the contaminations on the bonded joints of individual aerospace component parts, a
numerical simulationwas performedunder compression loading using theLS-DYNA
finite element (FE) platform.

The present chapter describes the respective contributions of the individual part-
ners of the ComBoNDT consortium. The manufacturing of the CFRP adherends for
the coupons and the pilot samples was performed by Aernnova Composites; the pre-
bond contamination and the bonding of the samples was performed by Fraunhofer
IFAM; the characterization of the adherends using X-ray photoelectron spectroscopy
was performed by Fraunhofer IFAM; the ultrasound testing of the bonded plates and
pilot samples was performed by Airbus; the mechanical testing of the coupons and
the pilot samples as well as the aging of the coupons was performed by the University
of Patras; and the numerical simulation of the stiffened panels was also conducted by
the University of Patras. The datasets obtained from the mechanical testing represent
design-relevant operand features. The subsequently detailed procedures offer a well-
tried, step-by-step approach for compiling these features and, therefore, constitute an
essential input into the framework of the applied concept for the quality assessment
of adhesively bonded joints described in this book.

2.2 Materials and Sample Geometries

2.2.1 Basic Materials

Hexcel® M21Ewas used for the preparation of the test coupons. HexPlyM21E/IMA,
developed from Hexcel®’s M21 third-generation thermosetting epoxy resin system,
uses an intermediate modulus fiber to balance superior strength and stiffness, and it
was developed specifically for aircraft applications performed at Airbus. The matrix
resin was developed to ensure an optimal translation of the carbon fiber properties
whilst delivering outstanding fracture resistance. The sample plates were produced
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by Aernnova Composites using the liquid water-based silicone-containing release
agent Frekote® C-600 in order to obtain smooth surfaces.

Regarding the structural layout, CFRP monolithic structures were manufactured
according to the Airbus AIPS 03-02-019 standard for CFRP (“Manufacture of mono-
lithic parts with thermoset prepreg materials”). For the fracture toughness testing,
the adherends consisted of eight unidirectional plies and their layup sequence was
[02, ±45]s according to the AITM 1-0053 standard [9]. A release film—25 mm in
length for the contaminated samples and 30 mm in length for the contaminated/aged
samples—was inserted at one end of the sample prior to bonding to obtain an initial
delamination for the fracture toughness tests.

The specimens used in the centrifuge tests had a stamp-to-plate configuration.
The modular test stamps bonded to the CFRP adherends consisted of an aluminum
(EN AW-2007) adherend screwed onto a body of mass made of copper. The CFRP
adherends were manufactured from the M21E/IMA prepreg material. The layup
sequence of the panels was [(0/90/45/-45)3]s.

For the adhesive bonding of the adherends, a film adhesive was used instead
of a paste in order to standardize the thickness and increase the reliability of the
results. Specifically, the film adhesives FM 300 K and FM 300-2 from Cytec® (0.20
and 0.25 mm thickness, respectively) were used for the production and the repair
scenario, respectively.

2.2.2 Sample Geometries

2.2.2.1 Coupons

For the mode-I fracture toughness tests, a double cantilever beam (DCB) specimen
was used tomirror the relevant geometry and the loading of the adhesive joint. ADCB
specimen consists of rectangular adherends bonded along their length, incorporating
a region of non-adhesive release film at one end for the introduction of the initial crack
in the bondline during testing (Fig. 2.1a). For the mode-II fracture toughness tests,
an end notched flexure (ENF) specimen was used. Similar to the DCB specimens,
ENF specimens also consist of rectangular adherends, but with a longer pre-crack
that is embedded through the width at the end of the specimen to accommodate the
sliding deformation of the adherends that result from the flexural loading (Fig. 2.1b).
In order to provide crack growth stability, the initial crack length was considered to
be equal to 70% of L/2 [10, 11]. The test specimens were cut from the residual part
of the mode-I specimens.

Finally, the specimen for the centrifuge tests comprised a rectangular composite
plate (adherend) bonded to a metallic cylindrical stamp using a technically relevant
adhesive system. The test stamps had a diameter of 10 mm on the bonding face. The
samples were cut to the desired size by dry diamond cutting. The final dimensions
of the CFRP adherends were 25 mm × 25 mm × 4.4 mm.
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Fig. 2.1 Geometry, dimensions and boundary conditions of a DCB coupon and b the ENF coupon

2.2.2.2 Scarfed Samples

As already stated, the two main relevant scenarios for CFRP adhesive joint quality
assurance aremanufacturing,when the joints arefirst bondedduring aircraft construc-
tion, and maintenance, when aerostructures are repaired. Scarfed joints were used
for the second scenario. When damage is detected, the aircraft part is locally scarfed
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Fig. 2.2 Geometry and dimensions of the scarfed sample

to remove the damaged outer layers, which are then substituted with a patch that is
bonded over the scarfed area in order to restore the load-carrying capacity.

The scarfed samples used in this work were rectangular and consisted of two
CFRP plates scarfed by milling with a ratio of 1:17 (Fig. 2.2).

2.2.2.3 Panels

The individual aerospace component parts considered herewere two stiffened panels:
A flat panel with a laminated skin and two laminated T-stringers for the production
scenario, and a curved panel with a laminated skin and two laminated �-stringers
for the repair scenario. The stringers were spaced at equal distances on the panels.

The dimensions of the panel and the T-stringers are given in Fig. 2.3. The
dimensions of the �-stringers are 800 mm × 100 mm × 33 mm (Fig. 2.4).

2.3 Manufacturing

2.3.1 Adherend Manufacturing

The CFRP laminates for the coupons were manufactured using the automated tape
laying (ATL) technique (Fig. 2.5a). The diagram showing the applied vacuum bag
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Fig. 2.3 Geometry and dimensions of the flat stiffened panel

Fig. 2.4 Curved stiffened
panel with a laminated skin
and two laminated
�-stringers

Fig. 2.5 a Photograph showing the automated tape laying process of the laminated panels;
b diagram of the vacuum bag

is given in Fig. 2.5b, while Fig. 2.6 shows the panels placed inside the autoclave as
well as the cutting of the panels.

The CFRP material for the scarfed samples was also manufactured by Aernnova
Composites, as described previously, and was then delivered to Fraunhofer IFAM.
The CFRP plates were scarfed with a ratio of 1:17 by milling and were then manu-
ally ground and cleaned with methyl ethyl ketone (MEK) to remove any handling
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Fig. 2.6 Photographs showing a the panels inside the autoclave and b the cutting of the panels

contamination from thermoplastic residues resulting from themilling process. Lastly,
the samples were cut to the final size using dry diamond cutting (Fig. 2.7).

The laminated skin for the flat panels (Fig. 2.8a) wasmanufactured using the same
process as was applied for the laminates of the coupons. For the manufacturing of
the T-stringers, the web was shaped by joining two C-shaped preforms that had been
manufactured using the ATL technology. First, a flat panel was laminated and placed
on a hot-forming tool to obtain the C-shape. After that, both C-shaped preforms
were joined. Finally, the stringer was trimmed to obtain the six T-stringers with the
required dimensions. The T-stringers are shown in Fig. 2.8b.

In the curved stiffened panels, the �-stringers were first manufactured using a
specific shaping tool (Fig. 2.9). As the skin was curved, a difference in the orientation

Fig. 2.7 Overview of scarfed sample after milling

Fig. 2.8 Photographs showing a the flat laminated skin before being placed into the autoclave and
b the T-stringers
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Fig. 2.9 Photograph showing the �-stringers inside the shaping tool

Fig. 2.10 Photographs showing a the preparation of the final curing for the curved panel and the
�-stringers and b the curved and stiffened panel

of the �-stringers was considered. The bonding of the �-stringers with the skin
was done immediately after the manufacturing of the skins. Once the stringers had
been placed in their respective positions, the preparation for the final curing cycle
started. In addition to the added tubular bags, the panel needed to be protected before
entering the curing cycle (Fig. 2.10a). Special attention was paid to the adaptation of
the complicated geometry parts to the vacuum bag during the pre-compaction. The
curved and stiffened panel is shown in Fig. 2.10b.

2.3.2 Adherend Pre-bond Contamination

Implementing the concept for quality assessment during joining processes, e.g. as
applied in the ComBoNDT project, requires the development of ENDT technolo-
gies for their integration into adhesive bonding process chains in aircraft production
as well as for in-field repair. Such implementation is based on the identification
and definition of all test scenarios to be considered and investigated; therefore,
possible quality-relevant contaminants with high relevance for all, or at least for
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the majority, of aerospace applications must be identified. Following this decision, a
detailed description of the sample preparation, including the surface contamination,
was prepared in order to guarantee a precise and reproducible sample preparation
process, which is an important key element in the success of the entire approach,
as highlighted during the ComBoNDT project. Table 2.2 presents more details on
quality-relevant scenarios affecting CFRP adherends or adhesive layers in adhesive
joints investigated during the ENCOMB [8] or ComBoNDT [5] projects; a more
detailed description is provided in the following sections.

2.3.2.1 Production Scenarios

Most aircraft produced nowadays contain a significant number of components made
of CFRP, and therefore require the adhesive bonding of CFRP in manufacturing,
which further emphasizes the need for complete and reliable quality assurance
concepts using ENDT techniques. Three different contaminations were investigated
in detail, namely release agent (scenario RA), moisture (scenario MO) and (human)
fingerprint (scenario FP).

During the molding process of the composite panels, silicone (Si)-based release
agents are used to facilitate the easy removal of the component from the mold. A
Si-containing contamination on the CFRP surface caused by release agent residue
hinders the adhesion of the adhesive to the substrate [1, 4, 7].

The release agent used was Frekote® 700NC. This is an Si-based liquid that needs
to be removed from the CFRP surface before the bonding process because it prevents
wetting and adhesion. Therefore, it is necessary to detect possible residues on surfaces
prior to adhesive bonding. The release agent was applied to the CFRP surfaces
by dip-coating with fixed immersion times and fixed withdrawal speeds. Different
concentrations of Frekote® 700NC in heptane were used to yield different degrees
of contamination. After the dip-coating of the adherend, the polymerization of the
release agent was allowed to occur by drying for 30 min under ambient conditions
followed by a heat treatment for 60min in an oven at 80 °C. The first tests used to yield
the desired amounts of Si-containing contaminations on the surface were conducted
with solutions of Frekote® 700NC in heptane with the following concentrations
(vol%): 1, 2, 3, 4, 5 and 8%. Based on the results of the preliminary tests (X-
ray photoelectron spectroscopy measurements and mechanical tests with lap shear
specimens), one of the two CFRP adherends per joint was intentionally exposed
using dip-coating solutions with the following volumetric concentrations: 1, 2, and
4% of Frekote® 700NC in heptane.

Pre-bond moisture penetration into a composite adherend can occur via either
air humidity or direct contact with liquid water. CFRP panels often undergo several
pre-treatment procedures, such as wet abrasion and the water brake test, to ensure the
effectiveness of the cleaning procedure [4, 7]. Although precautionary measures are
implemented, such as using large autoclaves to remove moisture by heat-drying, the
problem persists due to the ubiquity of water, e.g. in the surrounding atmosphere, and
the limitation of water removal from the bulk of the CFRP thermoset resin through
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Table 2.2 Quality-relevant scenarios affecting aCFRP adherend or an adhesive layer in an adhesive
joint as assessed in the European joint research projects ENCOMB [8] and ComBoNDT [5]. In each
scenario, the formation and properties of at least one interphase region (close to one of the adherends)
is impaired as compared to a joint prepared following the qualified joining process

Quality-relevant
scenario

Technological implementation and
denotation

Affected joint
region

Comment

ENCOMB [8] ComBoNDT
[5]

Reference
(during
production of
the joint)

X (“RE”)
grinded down to
fibers

X (“RE”)
grinded

Following the
qualified bonding
process

ComBoNDT [5]:
P-RE (slightly
grinded) and R-RE
(grinded down to
fibers) for
production and
repair scenarios,
respectively

Release agent
(during
production of
the joint)

X (“RA”)
higher amount

X (“RA”)
lower amount

CFRP surface
covered by
nanoscale film

Same
silicone-containing
agent used in
ENCOMB and in
ComBoNDT

Moisture
(during
production of
the joint)

X (“MO”) X (“MO”) CFRP surface
covered by
nanoscale water
film; moist CFRP
bulk

Fingerprint
(during
manufacture of
the joint)

– X (“P-FP”)
(following
DIN ISO
9022-12)

CFRP surface
covered by (dried)
aqueous film

Artificial hand
perspiration
solution, according
to DIN ISO
9022-12 [12]

Thermal impact
(during joint
application;
repair scenario)

X (“TD”)
(thermo-oxidative)

X (“TD”)
(thermal)

CFRP surface
thermo-oxidatively
affected during
application; CFRP
bulk thermally
affected

Removal of
oxidatively
affected surface
region by grinding
only in
ComBoNDT

Exposure to
components of
hydraulic oil
(during joint
application;
repair scenario)

X (“HF”)
(immersion in
aqueous extract of
oil)

X (“R-FP”)
(fingerprinting
of hydraulic
oil)

CFRP surface
covered by a film

Different liquids
used in ENCOMB
and ComBoNDT

De-icer (during
repair of the
joint)

– X (“DI”) CFRP surface
covered with salt
particles

De-icer liquid
based on
potassium formate

(continued)
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Table 2.2 (continued)

Quality-relevant
scenario

Technological implementation and
denotation

Affected joint
region

Comment

ENCOMB [8] ComBoNDT
[5]

Faulty curing of
adhesive
(during repair of
the joint)

– X (“FC”) Adhesive layer;
interphases to
adherends

Initiated by
selective
pre-curing of the
adhesive

diffusion as it is intercepted by the fiber layers. Moisture uptake mainly affects the
properties of the matrix, resulting in swelling and the development of stresses large
enough to pull the matrix away from the fiber [4, 7, 13]. Moreover, moisture also
affects the adhesion properties [13]. CFRP can absorb moisture by up to 1.5–2.0
wt%. The range for concern at production sites often goes up to 0.5 wt%. A higher
moisture uptake needs to be avoided because it negatively influences the adhesion
properties and leads to a loss of performance of both the CFRP aswell as the adhesive
bond.

The preparation of moist CFRP samples was performed following two different
procedures with different environmental conditions: One for use in the development
of ENDTmonitoring technologies for the quality assurance of adherend surfaces and
the second one for the measurement of the mechanical properties of the bonds and
for the further development and adaptation of ENDT technologies for the quality
assurance of adhesive bondlines. Regarding the first category, the samples were
contaminated in a defined climate that was established in small boxes in an oven
at 70 °C. The humidity in the boxes was adjusted using beakers of demineralized
water (MO-3) and saturated salt solutions (MO-1 and MO-2), which were placed in
the boxes together with the samples until a constant weight of the samples had been
achieved. The beakers in the boxes contained the following aqueous liquids in terms
of saturated salt solutions: MgCl2 * 6H2O saturated solution for MO-1, resulting in
an approximately 30% relative humidity (RH); NaCl saturated solution for MO-2,
resulting in an approximately 75% RH; and pure demineralized water for MO-3,
resulting in an approximately 99.5% RH.

CleanCFRP samples were dried at 80 °C until they had achieved amass constancy
resulting in the dry weight. Afterward, they were stored in the respective boxes with
moist atmospheres until the weight was constant (at least 40 days) and then taken
out directly prior to the measurement with the respective surface inspection method.
With this method, the following mass uptake of water was achieved:

• 0.4 (±0.2) mass% water for MO-1
• 0.8 (±0.1) mass% water for MO-2
• 1.4 (±0.2) mass% water for MO-3

For the second MO conditioning, the samples were prepared using a different
procedure. These adherends were dried in an oven at 80 °C until mass constancy.
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They were then stored in a climate chamber (70 °C and with the respective and well-
defined relative humidity) for twoweeks prior to bonding. After the removal from the
climate chamber, the samples were directly bonded. The following RH conditions
were adjusted in the chamber:

• 30% RH for MO-1
• 75% RH for MO-2
• 98% RH for MO-3

All the results presented in this chapter refer to the second MO conditioning.
Contamination by fingerprints can occur due to inadequate cleaning of a bonding

surface or inappropriate handling after the cleaning process [14, 15]. Fingerprint
contamination leads to the formation of thin contaminant films on the bonding
surfaces and, ultimately, to a lower adhesion quality [15]. This may occur during
both production and repair processes. Even though the occurrence of fingerprints
seems to be easily avoidable, they are often responsible for adhesion failures, and
therefore the detection of fingerprints is an essential requirement for an appropriate
quality assurance approach.

Concerning the samples with fingerprint contamination to be investigated for the
production scenario, the preparationwas performed using a standardized salty finger-
print solution (artificial hand perspiration solution) according to DIN ISO 9022-12
[12]. This liquid formulation contains sodium chloride, urea, ammonium chloride,
lactic acid, acetic acid, pyruvic acid, and butyric acid dissolved in demineralized
water. Samples were prepared by manually applying this solution onto a surface
area of the samples that correspond to the size and extent of a wet fingerprint.
Different degrees of contamination were achieved by using different dilutions (with
demineralized water) of the FP solution:

• 10% FP solution for P-FP-1
• 50% FP solution for P-FP-2
• pure FP solution for P-FP-3

Finally, in addition to the single contamination cases described above, the occur-
rence of a combined contamination case was also considered. Combined contami-
nations for the production scenario included the combination of release agent and
fingerprint contaminations (RA+FP). Two levels of contaminationwere investigated:

• Low-level contamination (RA1+FP3): level RA-1 of release agent followed by
the application of level FP-3 salt-based fingerprint solution.

• Medium-level contamination (RA2+FP3): level RA-2 of release agent followed
by the application of level FP-3 salt-based fingerprint solution.

2.3.2.2 Repair Scenarios

In the second field of feasible application scenarios, distinct composite “repair” cases
were defined, implemented, and examined.Hereby, the effects of contacting adherend
surfaces with either of the two contaminant materials de-icing fluid or hydraulic oil
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(applied in a fingerprinting process) were examined in detail. The third scenario
dealt with thermally degraded CFRPs and aimed to account for CFRP parts that may
have been exposed to heat (fuselage parts or alighting gear, for example, or aircraft
structures that affected by lightening impact) and are then subjected to a mechani-
cally abrasive surface pretreatment process. A fourth scenario that was investigated
comprised a faulty curing of an adhesive that is then applied to distinct pretreated
adherend surfaces. In the following, these technologically relevant contamination
issues will be assessed in more detail.

In winter, airports use a de-icer to maximize runway friction during plane taxiing.
Runway de-icing fluid is one of the most commonly encountered fluids to which
aircraft structures may be exposed, as it can be swirled up from the runway and onto
the outer parts of the aircraft [16]. During the patch repair of composite parts, inad-
equate cleaning can result in residues or the transfer of de-icing fluid onto adherend
surfaces. After drying, potassium formate, which is present in the de-icing fluid,
forms a thin layer on the CFRP part, thus affecting the bonding quality.

The de-icer used (DI scenario) was SAFEWAY® KF from CLARIANT, which
contains potassium formate (KF) as the freezing point depressant. It was diluted with
demineralized water to obtain solutions with the following concentrations in vol%:
2, 5, 7, 10, 30, and 50%. It was applied to the surfaces by dip-coating in the respective
aqueous solution; finally, drying was performed in an oven for 2 h at 40 °C in air.
Subsequently, acclimatization at room temperature was allowed for at least 24 h.

With the aim of narrowing the applied range of de-icer solution concentrations,
three lap shear specimens comprising one contaminated adherend each were manu-
factured for each of these DI concentrations, and these were then used for adhesive
bonding and subsequent mechanical testing. A significant loss in bond strength was
observed for contamination levels characterized by surface concentrations of approx-
imately 4 at.% potassium as measured by XPS. The fracture pattern also showed an
impact when potassium surface concentrations of approximately 4 at.%were present.
Based on these preliminary tests, it was decided to assess such samples inmore detail;
these were obtained using de-icer dip-coating solutions with the following concen-
trations for the ComBoNDT final coupon level samples: 2, 7, and 10% de-icer in
demineralized water.

Moreover, CFRP aircraft parts may be exposed to high temperatures during
service, for example, when fuselage parts are exposed to lightning [17], which causes
local overheating and damage to the matrix or the wing parts situated close to the
engines. Damage can also be caused by an overheating of an aircraft part by an
external source of heat (gas, liquid, beam, etc.) that has inadvertently been placed
near the aircraft. Besides affecting the mechanical properties of the structural parts,
the thermal impact on and resulting degradation of the CFRP parts might also affect
bonding in a repair situation.

For the sample preparation, all thermal impact treatments were carried out in an
oven with air circulation. The samples (subsequently denoted as TD samples) were
placed inside the oven and then underwent the heating phase at different temperatures.
Once the indicated temperature was reached, the samples remained inside the oven
for 2 h. Prior to both the surface inspection and the subsequent steps of the bonding
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process, all sampleswere grinded down to the fibers (usingSi-free sandpaper, grit size
120). A significant loss in bond strength (lap shear specimens) was observed for the
samples treated with 280 °C. In a comparison with joints prepared from adherends
that had not suffered such a thermal impact, the fracture pattern demonstrated an
impact from a heat treatment of 260 °C. Based on these results, the following three
different temperatures were used to realize three different levels of thermal impact
(TD):

• 220 °C for TD-1
• 260 °C for TD-2
• 280 °C for TD-3

Concerning a further feasible contamination scenario, oily fingerprints can acci-
dentally be applied to CFRP bonding surfaces when, for example, a worker wears
gloves while working in an area where hydraulic oil is used and afterwards touches
a bonding surface. Even though this contamination scenario seems easily avoidable,
it is nevertheless of great importance in the field of aircraft repair because such a
transfer of oil is unlikely to be detected during a visual inspection. Concerning the
sample preparation for the repair scenario, fingerprints containing Skydrol 500B-4
hydraulic oil from Eastman were applied to the surfaces using a plastic finger. The
oil was diluted in heptane to obtain formulations with the following contamination
concentrations in vol%:

• 20% for a low level (denoted as R-FP-1)
• 50% for a medium level (R-FP-2)
• 100% for a high level (R-FP-3)

In order to achieve adequate adhesive bonding processes, it is important that all
adhesive-related parameters, like pot life and curing times, comply with regulations
as well as the specifications of the qualified bonding process. If the adhesive is out
of specification with respect to its pot life due to, e.g., too high temperatures in the
working area, the result can be weak or kissing bonds in the resulting joint. In this
scenario, the bonded joint does not contain any foreignmaterials or contaminants that
have erroneously remained after the cleaning, pretreatment, or conditioning steps.
Instead, the loss of performance of the bonded joint is due to irregularities affecting
the adhesive material that was used in the manufacturing process of a limited number
of joints.

Regarding the sample preparation, a faulty curing of the adhesive was initiated
through a selective pre-curing of an adhesive that was subsequently introduced into
the bonding process. In the resulting selected and pre-cured areas, the bond strength
may be reduced drastically, possibly due to its impeding any force transfer. This
scenariowill represent the cases ofweak andkissing bonds. Three levels of pre-curing
resulting in a faulty curing (FC) of the adhesive were realized:

• a slight pre-curing for FC-1
• a medium pre-curing for FC-2
• a strong pre-curing for FC-3
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Finally, besides the single contamination cases described above, a combined
contamination case was also considered. Combined contaminations in the repair
scenario include the combination of thermal degradation and de-icing fluid (TD+DI),
whereby two levels of contamination were investigated:

• Low level of contamination (TD1+DI1): Thermal degradation at 220 °C for 2 h
followed by dip-coating in the DI1 concentration of the de-icing fluid solution.

• Medium level of contamination (TD1+DI2): Thermal degradation at 220 °C for
2 h followed by dip-coating in the DI2 concentration of the de-icing fluid solution.

2.3.3 Bonding

For the production scenarios, the samples described in this book were bonded in
an autoclave using the adhesive FM® 300 K (0.2 mm) from Cytec® following the
curing cycle shown in Fig. 2.11. The heating rate (starting from room temperature)
was 3 K/min up to 175 °C. The pressure was 3 bars and the final temperature of 175
°C was held for 1 h.

Plates with the dimensions 30 cm × 30 cm and 30 cm × 15 cm were bonded
and afterwards cut into the desired sizes for measurements with the respective
measuring techniques as well as for mechanical testing in the specified geometries.
The cutting was performed dry (diamond cutting) to prevent any contamination of
the cleaned surfaces as might be the case when using cooling liquids. After cutting,
the surfaces were cleaned again with isopropanol (IPA) soaked tissues. Figure 2.12
shows the preparation of the samples for bonding in the autoclave (at Fraunhofer
IFAM facilities).

For the repair scenarios, all the samples were bonded in the autoclave using the
adhesive FM® 300-2 (0.25 mm), which is specially designed for bonded repair. The

Fig. 2.11 Autoclave thermal and pressure cycle for bonding production samples with adhesive
FM® 300 K
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Fig. 2.12 Photographs showing the preparation of samples for bonding a in the autoclave and
b using a vacuum bag

respective curing cycle is shown in Fig. 2.13. The CFRP plate sizes and the cutting of
the samples into the final sizes after the bonding were as described for the production
of the samples.

For the bonding of the centrifuge samples (Fig. 2.14a), the film adhesive was hole-
punched to a diameter of 10 mm and then deposited onto the test stamp (cleaned by
sonication for 5 min in isopropanol), which was then placed onto the CFRP sample
(Fig. 2.14b). The production samples bondedwith the FM300K adhesivewere cured
in an autoclave using a custom-made curing device at 3 bars and 175 °C for 60 min
(heating up to 175 °C in 60 min, cooling down to room temperature in 60 min). The
repair samples bonded with the FM 300-2 adhesive were cured at 2 bars and 121 °C
for 90 min (heating up to 121 °C in 30 min, cooling down to room temperature in
60 min).

Fig. 2.13 Autoclave thermal and pressure cycle for bonding repair samples with the adhesive FM®

300-2
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Fig. 2.14 Photographs showing the stamp-to-plate specimen used in the centrifuge tests; a full
specimen configuration and b metallic stamp bonded to the CFRP adherend

2.4 Experimental Procedure

2.4.1 Characterization of CFRP Adherend Surfaces
by Reference Methods

Spectroscopic surface characterizationwas performed on theCFRP adherends before
the adhesive bonding to verify the contamination level obtained by the contamination
procedure. X-ray photoelectron spectroscopy (XPS) was used as a spectroscopic
reference method, and XPS measurements were performed on detached and cut
plates in the state “as delivered” on three different surface positions.

X-ray photoelectron spectroscopy (XPS) is a widely used surface analysis method
for the characterization of the elemental and chemical composition of a sample
surface, which is positioned inside a vacuum system. XPS is based on the photo-
electric effect and enables the study of the energy distribution of the photoelectrons
emitted by X-ray irradiated compounds [18]. Monochromatic soft X-rays irradiate
the sample surface, and upon interaction with the sample material electrons are
emitted, mainly from the atomic core levels. These ejected electrons have discrete
kinetic energies, and the portion of electrons passing the electron energy analyzer is
detected within the photoelectron spectrometer. Signal intensities are given by the
number of emitted photoelectrons as a function of the photoelectron kinetic energy.
A high vacuum environment is required to enable the emitted photoelectrons to be
analyzed without interference from gas-phase collisions, and in cases of electri-
cally non-conducting surfaces special care is taken to control electrostatic surface
charging.
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2.4.2 Characterization of CFRP Bonded Samples
by Reference Methods

Ultrasonic testing is considered a conventional NDT technique for the quality control
of components. This technology is widely used for composite material inspection in
aeronautics as well as in other domains. It is thus considered as a standard method
by end users.

Within the ComBoNDT project, the aim of the ultrasonic inspection was to check
the integrity and quality of the produced bonded samples. Indeed, according to the
literature and also with regards to the context of the project, a “weak bond” is not
expected to be detectable by conventionalNDTmethods.Otherwise, a common inter-
pretation of the obtained data is that such a bond is considered a bond with defects
(such as voids, porosity, gap-like disbonding) rather than as a possible weak bond.
Therefore, within the framework of the characterization using ultrasonic testing as a
reference method for the bonded samples, one issue was proving that the contamina-
tion and bonding processes do not lead to such defects. This information, in combi-
nation with the results of the terminal destructive mechanical testing (i.e. strength
and fracture pattern), is required in order to consider the respective joints as samples
with weak bonds.

Three categories of samples were investigated:

(a) Coupons were widely used by all the project partners in order to develop their
ENDT technology, and thus it is of great importance that the quality of these
samples is known. The obtained dataset comprises results from more than 360
samples.

(b) Multi-contaminated samples were used to increase the maturity of the ENDT
technologies.

(c) Curved specimens were also tested. In this case, the curvature of the samples
led to challenges in the signal reception, which rendered the inspection of these
samples more prospective than quantifying.

The ultrasound-based inspections were performed in the Airbus laboratory using
anM2Multrasonic generator and a 6-axis mechanism (Fig. 2.15b, c). The immersion
configuration was selected to maximize the signal quality. Samples were placed in
consistent groups in the water tank on metal beams (Fig. 2.15d). The water path for
passing the oscillation from the sonotrodes to the sample, i.e. the distance between
the probe and the samples, was set to 40 mm on average. Two different phased array
probes were used for the inspection (Fig. 2.15a). The characteristics are given below,
with the trajectory parameters for each:

– 5MHz linear probe, 64 elements, 1.0 mm pitch, 64 mm of aperture, 10 mm eleva-
tion, flat focusing; linear scanning; scanning step: 2 mm (standards), increment
30 mm

– 10 MHz linear probe, 64 elements, 0.5 mm pitch, 32 mm of aperture, cylindrical
focusing (R= 40 mm); scanning step: 1 mm, increment 20 mm (i.e. 33% overlap)
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Fig. 2.15 Overview of the ultrasonic inspection setup; a example of a phased array probe; b ultra-
sound generator for emission and reception (M2MMultiX); c water tank and the 6-axis mechanism
used to scan the parts; and d typical placement of the samples in the water tank for the inspections

The 5 MHz probe corresponds to Airbus standards. It was important to check
that it is not possible to highlight any contamination-induced defects using current
production tools. The 10 MHz probe was chosen because it is more accurate due to
its higher central frequency and the smaller element size.

For each probe, different settings were used for the production samples and the
repair samples. The global gain of the signal and the time correction gain (TCG) are
slightly different between scenarios. This is mainly due to the bond material, which
is different in each case and thus induces different ultrasonic responses.

In order to display ultrasonic cartographies, software settings (or gates) are neces-
sary. A typical B-scan and A-scan are given in Fig. 2.16a with the gate display. Three
main echoes can be observed, namely the front wall echo (with the gate or, respec-
tively, obtained signal dataset denoted as “FWE”), bond echo (“Bond”) and back-wall
echo (“BWE”). All gates are synchronized using a synchronization gate tracking the
entry echo. These gates can subsequently be used for the analysis. The respective
details are

• “FWE” is the maximum of the front wall echo. It can be used to check the
acquisition quality and to highlight surface defects.

• “g+” records the highest echo after FWE. In this case, it is typically the bond or
the back-wall echo. The signal from this gate is particularly useful to compare the
echoes.

• “Bond” is centered on the bond echo and tracks its maximum.
• “BWE” is centered on the BWE and tracks its maximum.
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Fig. 2.16 Use and display of the ultrasound results from gates related to the front wall echo
(FWE), bond echo (Bond), and back-wall echo (BWE); a typical A-scan and B-scan with gates
setting display and b example of cartographies in amplitude for bonded coupon coupons with the
corresponding sample positions

These gates are used to generate cartographies, also called C-scans, where the
amplitude (given in %) or the time-of-flight (TOF, given in µs) of the recorded echo
is displayed on the inspection plan (for an example of amplitude cartography see
Fig. 2.16b). Samples are always placed in the same way with the references situated
on the bottom right and the contaminated samples in the remaining spaces. For each
set of samples, the origin is taken at the top left corner for the defect positioning.

In order to be complete, there must be precision on the phased array acquisition
mode. Two different pulse-echo modes were used:

• The linear scanning (LS) mode, which consists of emitting a group of elements
(E10 typically) and then receiving the same group of elements (R10). This config-
uration increases the scan accuracy. A single point focusing (SPF) can be added
to direct the ultrasonic beam along the bondline, for example.

• The PaintBrush (PB) mode with the additional surface adaptative ultrasonic laws
(SAUL) option, which consists of emitting with all the elements (E64) and then
summing the responses by groups of elements (R10 for the 5 MHz probe and
R16 for the 10 MHz probe). Such an investigation is faster but can lead to “strip-
like” marks within the cartographies. The SAUL algorithm was also used in some
specific cases. This option is particularly interesting for curved parts or to achieve
a higher tolerance to a misalignment between the probe and the coupons.
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2.5 Mechanical Testing

2.5.1 Fracture Toughness Testing

2.5.1.1 Mode-I Testing

Mode-I fracture toughness tests were conducted with double cantilever beam spec-
imens according to the standard AITM 1-0053 [9] using a Tinius Olsen H5KT
universal testing machine with a load cell of 5 kN under ambient conditions (25
°C, 55% RH) and under constant displacement control. Loading was applied to the
DCB specimen viametallic piano hinges bonded to the adherends at one end. In order
to avoid any influence of the incorporated release film, the specimen was preloaded
until an initial crack length of 10–15 mm was achieved. The pre-cracked speci-
mens were then loaded continuously by opening forces until a total propagated crack
length of 100mmwas reached. After that, the test was stopped, and the specimenwas
unloaded. Six specimens per scenario were tested in this manner. During the crack
propagation, the load and crosshead displacement of the test machine was recorded
continuously. A traveling microscope was used to facilitate the visual measurement
of the crack length. Figure 2.17 illustrates themounting of a specimen onto the tensile
testing machine during the mode-I test.

Fig. 2.17 Photograph
showing a DCB specimen
under mode-I loading
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The AITM 1-0053 standard specification specifies the area method to determine
the mode-I fracture toughness energy GIC of CFRP bonded joints [9]. The crack
extension is related directly to the area enclosed between the loading and unloading
curves:

GIC = A

a × w
× 106

(
J/m2

)
(2.1)

where

A is the energy required to achieve the total propagated crack length (J)
(integration of the area of the load-crosshead displacement diagram)

a is the propagated crack length (mm)
(a = afinal − ainitial)

w is the width of the specimen (mm)

The most popular approach to investigating delamination mechanisms in mode-I
tests is the examination of fracture surfaces. Therefore, in order to accurately assess
the causes of bondline failure, the fracture patternswere examined after the tests based
on a visual inspection supported by photography. The classification, identification,
and characterization of the failure mode of the CFRP bonded joints were conducted
according to the ASTM D5573 standard [19]. For increased accuracy, a grid drawn
on a clear film placed over the failure surface was used and the square areas showing
a certain type of fracture pattern were counted, providing input to calculate the
area percentage attributed to each failure mode. The main failure modes that were
observed for the testedCFRP adhesive joints are schematically described in Fig. 2.18:

a. Adhesive (ADH) failure, which occurs when a separation takes place at
the adhesive/adherend interface (respectively, within the three-dimensional
adhesive/adherend interphase).

b. Cohesive (CO) failure, which results when a separation takes place within the
adhesive.

c. Fiber tear (FT) failure, which is perceived when a failure occurs exclusively
within the matrix of the CFRP adherend, resulting in the appearance of fibers
on both fracture surfaces.

d. Light fiber tear (LFT) failure, which follows when a failure occurs within the
adherend, near the interface characterized by a thin layer of the matrix on the
fracture surface with few or no fibers transferred from the substrate to the
adhesive.

e. Thin layer cohesive (TLC) failure, which is observed when the separation takes
place within the adhesive in proximity to one adherend and not around the
mid-thickness area of the adhesive layer.

Usually, a mixed failure occurs and symptoms of several failure modes are
observed simultaneously for each tested specimen.



74 K. Tserpes et al.

Fig. 2.18 Schematic representation of the main failure modes of CFRP bonded joints observed
after destructive mechanical testing

2.5.1.2 Mode-II Testing

Since there is currently no standardized mechanical test to measure the fracture
toughness energy of bonded joints under pure mode-II loading, we decided to use
the ENF test, which we have identified as the most convenient mode-II fracture
toughness test [16]. Figure 2.19 provides a schematic representation of the ENF test,

Fig. 2.19 Photograph
showing an ENF specimen
under mode-II loading
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wherein a pre-cracked specimen is loaded into a three-point bending fixture until the
crack propagation onset occurs.

Mode-II tests were conducted according to the AITM 1-0006 standard [20] under
a constant displacement rate of 1 mm/min using an MTS universal testing machine
with a load capacity of 100 kN. The test specimens were cut from the residual parts
of mode-I specimens so that a pre-crack of 35 mm was achieved. Three specimens
were tested for each condition within the considered scenarios. In order to facilitate
the optical observation of the crack tip and the detection of the crack propagation
onset, a digital microscope was used, and a thin layer of white ink was applied to the
longitudinal side faces of the specimen.

Both the load applied to the specimen and the crosshead displacement of the test
machine were continuously recorded during the test. To calculate the GIIC fracture
toughness energy, the following formula was used [20]:

GI IC = 9 × P × a2 × d × 1000

2 × w × (
1 /4 × L3 + 3 × a3

)
(
J/m2

)
(2.2)

where

d is the crosshead displacement at onset of the crack propagation (mm)
P is the critical load to start the crack propagation (N)
a is the initial crack length (mm)
w is the width of the specimen (mm)
L is the span length (mm)

2.5.1.3 Centrifuge Testing

Standardized methods only allow the testing of specific bond strength parameters,
and the achieved statistics are often limited due to the high cost and work effort
required. Additionally, the respective measurements are time and cost-consuming
due to complex sample and fixture preparation, single-sample testing, and manual
evaluation of the mechanical load and fracture surfaces. Against this background,
the novel centrifuge test is introduced in order to overcome these limitations.

Up to eight samples can be measured within 5 min and the measured mechanical
properties have a defined accuracy with very good precision and reproducibility. The
novel testing is cost-efficient, fast, and reliable. In the ComBoNDT project [5], the
information value of mechanical testing was increased as compared to the results
obtained from the abovementioned standardized mechanical tests.

The centrifuge testing principle for bonded joints is illustrated in a schematic
diagram in Fig. 2.20 [21]. The centrifuge test is based on the physical law of inertia
of a body [22]. Due to rotation, a progressively increasing radial centrifugal force is
applied synchronously to each of the specimens being tested. The load increase is
adjusted through a variation of the rotor’s rotational speed.

Across the bondline, the axial centrifugal force acts as a normal tensile force. If
the applied load exceeds the tensile strength of the joint, a rupture occurs, and the
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Fig. 2.20 Diagram highlighting the measurement principle of the centrifuge test

test stamp changes its position within the guiding sleeve. The detachment of the test
stamp from the CFRP adherend at the moment of rupture is automatically detected
and a position-coded infrared signal is sent from the turning rotor, transmitting the
current rotor speed as well as the rupture time [23].

The centrifugal force Fc (N) is derived from

Fc = m · ω2 · r (2.3)

where m (kg) is the mass of the stamp, r (m) is the distance of the test stamp to the
rotational axis, and ω (rad/s) is the angular velocity related to frequency v by

ω = 2 · π · v (2.4)

Dividing the centrifugal force Fc (which is effective at the time of the adhesive
fracture) by the area of the bondline A (mm2), the tensile adhesion strength σ (MPa)
is derived:

σ = Fc

A
(2.5)
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Fig. 2.21 Photographs displaying the setup for the centrifuge test; a theLUMiFrac desktop analyzer
and b stamp-to-plate test specimens inside the drum rotor

For the preparation of the thus investigated joints, the composite substrates were
subjected to contamination with the release agent, moisture, fingerprint, thermal
degradation, or de-icing fluid before being bonded to the metallic stamp. The
centrifuge tests were carried out using a LUMiFrac desktop adhesion analyzer
equipped with an LSFR-ST: 200.42 drum rotor with up to eight testing units
(Fig. 2.21). The fully loaded rotor allows for a maximum rotational speed ω of
13,000 rpm, corresponding to a centrifugal acceleration of 13,715 g [23].

By means of the SEPView software, the desired load-controlled testing sequence
was realized. To achieve compatibility with conventional testing machines (in load-
controlled mode), the increase in the rotational speed of the rotor was designed to be
quadratic. According to Eq. (2.3), a square root-like increase in the rotational speed is
accompanied by a linear increase in the centrifugal force [24]. Subsequently, the rotor
and centrifuge lid were closed, and the testing procedure was initiated. The duration
of each test lasted from6 to 20 s on average, depending on the contamination scenario.
The rupture event was detected online outside the centrifuge using a position-coded
and rpm-correlated infrared data transmission from the inside of the testing units
mounted in the drum rotor. After testing, high-resolution microscopy images of the
failure surfaces of both the CFRP adherend and the test stamp’s side were taken and
examined with the aim of characterizing the failure patterns.

2.5.1.4 Tensile Testing

Scarfed samples were loaded under ambient conditions (25 °C/48%RH) by tensile
stress using anMTS universal testingmachine with a load capacity of 100 kN under a
constant crosshead speed of 0.5 mm/min (Fig. 2.22) until a final failure (separation)
of the two scarfed adherends occurred. Aluminum end tabs (30 mm × 25 mm ×
2 mm) were bonded to the ends of the specimens using a two-part adhesive (PM
Mega Cryl) in order to achieve a successful and smooth introduction of the load into
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Fig. 2.22 Photograph
showing a scarfed specimen
under tensile loading

the specimen. Moreover, the end tabs prevented gripping damage to the adherends
or premature failure as a result of a significant discontinuity. The load and crosshead
displacement were recorded using a computerized data logging system. A total of
four tests were performed for each contamination scenario and the failure load was
the mechanical feature used for comparing the tested specimens.

Additionally, after the tensile tests, the failure surfaces were examined in order
to accurately assess the causes of adhesive joint failure. The ASTM D5573 [19]
standard was followed.

2.5.1.5 Environmental Aging

The procedure given in the EN 2823 [25] standard was used to determine the effects
of after-bond exposure of the joints to a humid atmosphere on themechanical charac-
teristics of the contaminated joints. The specimenswere exposedwithoutmechanical
loading to conditions of 70 °C and 85%RH until the moisture saturation point, which
was reached after approximately 65 days of aging.

The specimens to be aged were placed inside an environmental chamber with an
embedded pre-crack (Fig. 2.23), which was created a priori through mode-I tests
conducted according to the AITM 1-006 standard [20]. Reference and contaminated
specimens were subjected to hygrothermal aging using an ESPEC SH-641 environ-
mental chamber for a period of 64–74 days, ensuring that the saturation point was
reached.
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Fig. 2.23 Photograph
showing CFRP joint
specimens inside the
chamber during
environmental aging

During the hygrothermal aging period, the weight of the specimens was measured
atweekly intervals.After the hygrothermal aging, the specimenswere stored in sealed
containers and tested under mode-II loading conditions within 72 h according to the
DIN EN 2823 standard [25].

As a measure of the absorbed moisture, the percental normalized weight gain
M(t) was used:

M(t) =
(
wt − w0

w0

)
× 100 (2.6)

where

w0 is the initial weight (g)
wt is the weight at exposure time t (g)

The weight gain achieved with these hygrothermal aging conditions was 0.49–
0.71%. Fick’s law was used to define the equilibrium conditions in composite mate-
rials [25]. The diffusion coefficient D of water is derived from the slope of the linear
part of M(t) curve as

D = π ×
(

h

4 × M∞

)2

× S2
(
mm2

2

)
(2.7)

where

M∞ is the water uptake at saturation (wt%)
h is the specimen thickness (mm)
S is the slope of the M(t) curve

(
1/s0.5

)
.
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2.6 Experimental Results

2.6.1 Spectroscopic Surface Characterization

To prepare the clean reference samples from the delivered CFRP plates, a thor-
ough cleaning procedure was followed to remove any contaminations or residues
remaining from the manufacturing process (Fig. 2.24). Each step was monitored
using X-ray photoelectron spectroscopy (XPS) analyses to measure the amount of
release agent on the plate surface:

1. Pre-cleaning of the plates with isopropanol (IPA) soaked tissues to remove part
of the release agent and any other soluble contaminations, e.g. fingerprints,
remaining from the manufacturing process. XPS measurements performed on
the “as delivered” plates on three different positions showed an inhomogeneous
distribution of Si-containing release agent on the CFRP surface (Table 2.3). The
XPS results for the cleaned plates showed that pre-cleaning with IPA is effective
in that the amount of release agent on the CFRP surface can be reduced to 0.5–
1.4 at.% within the information volume of the investigation. This indicates the

Fig. 2.24 Process of the cleaning of as-received CFRP plates by moist wiping with water,
isopropanol or methylethylketone soaked tissues and grinding with sandpaper

Table 2.3 Surface Si concentrations (in at.%) from XPS investigations performed for the CFRP
sample plates following the given cleaning steps with isopropanol (IPA)

CFRP plates Si (at.%)

CFRP “as delivered” sample plates 5.3 ± 1.3

CFRP sample plates after IPA cleaning 0.9 ± 0.5

CFRP sample plates after IPA cleaning and slight grinding 0.3 ± 0.2

CFRP sample plates after IPA cleaning and two slight grinding steps with cleaning
in between

0.1 ± 0.04
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amount of dehesivematerial that can easily be removed by a subsequent abrasive
grinding step without significant smudging.

2. Slight grinding of the surfaces to remove residual release agent that had pene-
trated or was incorporated into the topmost resin layers, and afterward wiping
with demineralized H2O and IPA to remove the dust from the grinding, which
comprised the inhering residual silicone. Further XPS measurements showed
that a small amount of silicone remained on the surface (Table 2.3).

3. A second slight grinding step followed bywiping off the dustwith demineralized
water and IPA. On these samples, XPS measurements showed a very clean
surface Table 2.3.

After the cleaning steps, the sample plates were wiped with methylethylke-
tone (MEK) soaked tissues prior to performing the intentional contamination
(corresponding to the respective scenario) and the subsequent adhesive bonding.

For the release agent contamination scenario (RA), the first and last dip-coating
samples for each dip-coating solution (labeled RA-1, RA-2, or RA-3) were used
for the XPS measurements; these were conducted on three positions (top, middle,
bottom) on each sample. The results are shown in Table 2.4.

Based on these results, samples with the final concentrations of Si on the CFRP
surfaces were obtained, as shown in Table 2.5.

For the production fingerprint contamination, three samples with each FP
concentration were prepared for the XPS measurements. The results are shown in
Table 2.6.

Based on these results, the concentrations of Na and Cl on the CFRP surfaces for
each contamination level could be determined, as described in Table 2.7.

For the repair fingerprint scenario (FP), the locally applied Skydrol has the
tendency to spread over the surrounding surface, thus no clear fingerprints can be
observed after some time. Systematic XPS measurements were not conducted for
this contamination scenario since most of the oil evaporates in the vacuum of the
analysis chamber.

Since the de-icer contains potassium formate, the potassium content on the surface
is taken as a measure for the degree of de-icer contamination. Dip-coating of the final
de-icer contaminated samples was performed using solutions of 2, 7, and 10%de-icer
in demineralized water. The samples for XPS control were dip-coated together with
these samples. The XPS results are shown in Table 2.8.

Based on these results, the final concentrations of potassium on the CFRP surfaces
for each contamination scenario were determined (Table 2.9).
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Table 2.4 XPS results (indicating the surface concentrations of the main elements [in at.%] as
obtained) for CFRP plates after dip-coating in Frekote solutions (following RA-1, RA-2, RA-3)
with different concentrations

Samples
C

(at%)
O

(at%)
N

(at%)
Si

(at%)
S

(at%)
Na

(at%)

RA-1 start, top 69.7 19.6 6.8 2.6 1.2 <0.1

RA-1 start, middle 67.1 22.2 5.2 3.6 1.4 <0.1

RA-1 start, bottom 66.6 20.5 6.6 5.1 0.8 <0.1

RA-1 end, top 70.0 19.2 6.9 2.5 0.9 0.2

RA-1 end, middle 70.4 18.6 7.1 2.6 1.1 0.1

RA-1 end, bottom 69.9 19.1 7.1 2.6 1.0 0.2

RA-2 start, top 67.3 20.9 6.5 4.3 1.1 <0.1

RA-2 start, middle 64.9 22.1 6.1 5.6 1.0 <0.1

RA-2 start, bottom 66.1 20.8 6.9 5.2 0.7 <0.1

RA-2 end, top 68.4 19.2 7.2 4.2 0.8 <0.1

RA-2 end, middle 65.4 21.3 6.6 5.2 0.9 0.1

RA-2 end, bottom 65.2 21.1 6.5 5.9 0.7 0.3

RA-3 start, top 66.0 20.4 6.9 5.8 0.7 <0.1

RA-3 start, middle 63.2 23.1 5.7 6.4 0.9 0.3

RA-3 start, bottom 64.8 21.0 6.6 6.6 0.6 <0.1

RA-3 end, top 65.3 22.2 5.0 6.3 1.1 <0.1

RA-3 end, middle 65.4 21.0 6.5 6.1 0.7 <0.1

RA-3 end, bottom 64.5 23.0 4.8 6.2 1.1 <0.1

Table 2.5 Average
concentration of Si on CFRP
surfaces (obtained by XPS)
for the RA contamination
scenario

Scenario Si (at.%)

RA-1 3.2 ± 1.0

RA-2 5.1 ± 0.7

RA-3 6.2 ± 0.3
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Table 2.6 XPS results indicating the surface concentrations (main elements) of three CFRP plates
contaminated with different (salty) solutions (FP-1, FP-2, FP-3) applied as a fingerprint

Samples
C

(at%)
O

(at%)
N

(at%)
Si

(at%)
Zn

(at%)
Cl

(at%)
S

(at%)
Na

(at%)

FP-1, sample 1 74.6 15.3 8.5 0.2 0.1 0.4 0.6 0.2

FP-1, sample 2 74.5 16.6 6.3 0.2 0.2 0.8 1.0 0.3

FP-1, sample 3 74.7 16.6 6.8 0.2 <0.1 0.3 1.0 0.2

FP-2, sample 1 74.0 15.0 8.8 <0.1 <0.1 0.9 0.7 0.5

FP-2, sample 2 73.2 16.8 7.3 <0.1 <0.1 0.9 1.0 0.6

FP-2, sample 3 74.5 17.2 5.2 0.2 <0.1 0.9 1.4 0.5

FP-3, sample 1 73.8 16.0 7.5 0.1 - 0.9 1.1 0.6

FP-3, sample 2 73.3 15.3 8.5 0.1 <0.1 1.2 0.8 0.8

FP-3, sample 3 73.3 16.1 7.4 0.1 - 1.2 1.1 0.8

Table 2.7 Selected average surface concentrations (from the XPS results) of CFRP samples treated
with differently concentrated solutions (FP-1, FP-2, and FP-3) applied as a fingerprint

Scenario Na (at.%) Cl (at.%)

P-FP-1 0.2 ± 0.1 0.5 ± 0.3

P-FP-2 0.5 ± 0.1 0.9 ± 0.0

P-FP-3 0.7 ± 0.1 1.1 ± 0.2

2.6.2 Ultrasound Results

2.6.2.1 Coupons

In this section, the results from the two different phased array probes used are
presented, depending on the highlighted feature. Various types of defects were
observed over the complete set of samples; these can be grouped into the three
categories detailed below. The first one contains observations of a minor defect due
to manufacturing; the second one comprises slight deviations from the reference;
and the third one is the category of obvious defects with possible consequences for
the ENDT measurements. Illustrations are given in the following sub-sections.
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Table 2.8 Final XPS results indicating the surface concentrations at distinct positions (pos.) for
CFRP samples contacted with different de-icer dip-coating concentrations (DI1, DI2, DI3)

Samples
C

(at%)

O

(at%)

K

(at%)

S

(at%)

Si

(at%)

Cl

(at%)

N

(at%)

Na

(at%)

DI-1 sample 1, pos. 1 58.4 28.5 8.9 0.8 0.3 0.3 2.6 0.3

DI-1 sample 1, pos. 2 62.5 25.9 6.2 0.9 0.3 0.3 3.7 0.2

DI-1 sample 1, pos. 3 64.1 25.7 4.3 0.9 0.3 0.3 4.3 <0.1

DI-1 sample 2, pos. 1 61.9 26.2 8.4 1.0 <0.1 0.5 1.8 0.1

DI-1 sample 2, pos. 2 65.0 24.3 5.2 0.9 <0.1 0.2 4.2 <0.1

DI-1 sample 2, pos. 3 63.5 25.0 5.6 0.6 <0.1 0.2 4.7 <0.1

DI-2 sample 1, pos. 1 55.7 30.5 11.0 0.6 1.0 0.2 0.8 0.2

DI-2 sample 1, pos. 2 51.8 32.9 12.8 0.5 0.6 0.2 0.8 0.3

DI-2 sample 1, pos. 3 51.5 31.8 13.8 0.6 1.0 0.2 0.9 0.2

DI-2 sample 2, pos. 1 63.8 24.9 7.4 1.0 <0.1 0.2 2.6 0.1

DI-2 sample 2, pos. 2 62.6 24.4 10.2 0.6 0.3 0.2 1.5 0.1

DI-2 sample 2, pos. 3 63.9 23.3 10.0 0.6 0.4 0.2 1.5 0.2

DI-3 sample 1, pos. 1 52.3 31.9 13.0 0.4 0.6 0.2 1.1 0.2

DI-3 sample 1, pos. 2 55.2 30.5 11.2 0.6 1.1 0.1 1.1 <0.1

DI-3 sample 1, pos. 3 55.7 29.2 11.8 0.6 0.9 0.2 1.3 0.3

DI-3 sample 2, pos. 1 57.5 28.7 11.9 0.5 0.4 0.2 0.4 0.3

DI-3 sample 2, pos. 2 57.3 29.6 9.9 0.9 0.2 0.1 1.7 0.2

DI-3 sample 2, pos. 3 53.8 29.3 14.0 0.6 0.6 0.1 0.8 0.2
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Table 2.9 Average
concentration of potassium on
CFRP surfaces for the DI
contamination scenario

Scenario K (at.%)

DI1 6.4 ± 1.8

DI2 10.9 ± 2.3

DI3 12.0 ± 1.4

First category of defects: Minor defects due to sample manufacturing

The defect types within this category can be itemized into three groups. These are
most likely due to the sample manufacture and are expected to have no impact or a
low impact on the ENDT measurements:

• Bending of the bonded specimens (Fig. 2.25a). This defect type was particularly
observed for the repair reference samples as well as some of the samples within
the TD scenario. The observed curvature is evidenced on the FWE amplitude
cartography with the 5 MHz probe, as shown in Fig. 2.25a. In fact, a phased array
measurementwas only possible using the SAULoption to partially compensate for
the curvature and the induced misalignment of the probe with the sample along its

Fig. 2.25 Overview of the minor manufacturing defects observed during the ultrasonic inspection
of CFRP specimens, with typical examples of a the bending of samples and b the surface quality
problem
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length. However, even if this defect has an effect on the ultrasonic measurements,
it should have no consequences for the ENDT investigations.

• Bad quality of the composite surface (Fig. 2.25b). This defect type was evidenced
using the 10 MHz probe on the FWE amplitude cartographies. Indeed, the cylin-
drical focusing of the probe increases the sensitivity to such surface defects.
These were generally located on edges and were probably due to marks left by
the adhesive tape used during the manufacture. In these areas, wettability with the
ultrasound coupling medium is probably different, thus leading to low amplitude
regions. In other rare cases, the wall surface was covered, probably due to resin
leakage.

Second category of defects: Minor deviation from the reference, potentially due to
contamination

Other sample inspection results presented a significant deviation from the reference
measurements, albeit without clear evidence of a defect (Fig. 2.26). Specifically, in
case of CFRP samples from the P-MO and P-FP scenarios, the bond echo ampli-
tude is of approximately the same order of magnitude as the BWE, whereby this
is not the case for the reference and other contaminated samples (as shown by the
release agent samples in Fig. 2.26). This observation could be due to higher bond
impedance or lower back composite skin impedance. In other words, it could be a
sign of bond alteration or composite alteration (especially in the case of moisture).
This was evidenced using g+gate TOF cartography, which displays the position of

Fig. 2.26 Example of ultrasonic inspection results for CFRP specimens showing a slight deviation
from the reference, taking the “g+” gate display for the reference and release agent scenario or for
the moisture and fingerprint combined contamination scenario; a first sample set as an example and
b second sample set as an example
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the maximum echo in the sample thickness. Referring to the color coding used for
displaying the results of the ultrasound investigations, blue corresponds to the bond
echo, and yellow to the BWE. Amix between blue and yellow means that the echoes
are of approximately the same order of magnitude, while only yellow means that
BWE dominates. Two examples are given in Fig. 2.26a for the first set of samples,
while Fig. 2.26b shows the second set. This effect is so far neither well defined nor
explained, but it might be due to contamination. However, this does not prevent these
samples from being considered as weak bonds.

Third category of defects: Obvious defects due to “contamination”

Finally, more sizeable and obvious defects with a potentially highly detrimental
effect on the future ENDT measurements were observed, namely delamination and
disbonding. CFRP specimens having undergone faulty curing or thermally degraded
samples are themain concerns here. In these cases, the state of the joint of the samples
cannot be considered as presenting as a weak bond but rather as a bond with defects.
All the observed defects are presented in Figs. 2.27 and 2.28.

In the FC-1 samples (Fig. 2.27), the regions showing the effects of debonding
are evidenced in the middle of each plate. A defect signature is visible in the bond
amplitude and TOF cartographies. The highest amplitude and a small shift in TOF,
respectively, show debonding with a high contrast. Consequently, defects are also
visible on the BWE amplitude gate, with a low amplitude region, and in the “g+”
TOF cartography. The sizes of the debonding regions vary depending on the samples
but are usually above 1 cm and up to 5 cm. These debondings are located in the
middle of the bonded coupons and, thus, they could have a significant impact on the
ENDTmeasurements. Note that some small debonding spots (smaller than 1 cm) are
also observed in some of the FC-2 samples. These defects were probably induced by
the way the samples were manufactured.

Fig. 2.27 Results of the ultrasound investigations for samples within the FC-1 scenario—observa-
tion of disbonding in all the samples with defects showing a size range of 1–5 cm
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Fig. 2.28 Results of the ultrasound investigations for all samples within the TD-3 scenario—
observation of delamination, in some samples with a size in the range of 2–5 cm

For the TD-3 samples, important delaminations were highlighted by ultrasonic
inspection (Fig. 2.28), however not for all samples. The delaminations are evidenced
by all the gates because they are located on the first composite skin, i.e. the one that
has been thermally affected. This is confirmed by the “g+” TOF cartography (cf. light
green color coding in the figure of Table 2.10). Therefore, the defect signature enters
the bond gate and has consequences on all the other gates. Because of their consid-
erable size (several centimeters) these delaminations could have a strong influence
on results obtained using ENDT techniques.

The most profound investigations were achieved using a post-treatment tool. In
this work, the NDTKit analysis software was used to obtain the ultrasound data for
the CFRP samples (the commercial version of this software is namedUltis), whereby
“defect detection” was enabled to size some of the defects. An example of a case of
faulty curing is presented in Table 2.10, together with the main characteristics typical
for disbonding and described according to the parameters of position on the plate,
surface, outline surface, length, and mean value (for TOF). We note that the origin
of the defect is at the top left-hand corner of each plate.

2.6.2.2 Combined Contamination Coupons

Multi-contaminated samples were also investigated using the samemethodology and
the same instrument settings as described above.Essentially, the samekinds of defects
were observed for these samples, which is as expected since their manufacturing and
contamination procedures were the same. Some examples are given in Fig. 2.29, and
are these are further detailed below.

Minor defects were also observed; in this case, they are attributed to clampmarks,
as shown in Fig. 2.29a. These are located on the edges and occur during the sample
manufacture (probably while stabilizing the plate for bonding). On the ultrasound
data acquisitions, they are visible on the bond amplitude C-scan as well as on the
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Table 2.10 Example of an ultrasound-based defect detection result for CFRP coupons prepared
within the faulty curing scenario, indicating the position in the plate, surface, outline surface, length,
and mean value (for TOF)

Defect detection Names
(centers)

Surface
(mm2)

Outline
(mm2)

Length
(mm)

Mean
(µs)

g+_T_0-1
(X = 43,
Y = 62)

1328.0 2575.6 60.2 1.08

g+_T_0-2
(X = 92,
Y = 81)

57.0 78.0 13.0 1.08

g+_T_0-3
(X = 98,
Y = 7)

115.0 144.0 12.0 1.09

g+_T_0-4
(X = 80,
Y = 20)

174.0 260.2 19.2 1.12

g+_T_0-5
(X = 28,
Y = 27)

108.0 160.0 16.0 1.08

g+_T_0-6
(X = 49,
Y = 49)

517.0 1020.9 37.4 1.07

g+_T_0-7
(X = 44,
Y = 44)

1350.0 2264.3 53.5 1.12

FWE gate. Indeed, this type of defect is often associated with a bondmaterial leakage
on the composite surface (due to bond creep). Therefore, the composite surface is
also modified. Note that these areas are also often associated with a bond thickness
reduction.Moreover, slight deviations from the reference can also be evidenced in the
case of the “release agent+fingerprint” scenario. The effect is in this case probably
the same as the one explained in the previous section, namely that a higher bond
impedance may have been induced by the contamination. Since this effect was not
observed when considering the release agent contamination alone, it might mean
that additionally applying the fingerprint is causal for this signature in the combined
contamination samples.

2.6.2.3 Curved Specimens

Finally, the curved specimens were tested. Compared to inspecting the flat samples
using ultrasound, these inspections are more challenging because of the geometry
of the part. The echo entry face reverberates almost all the incoming energy in a
divergent beam. Therefore, it is very hard to inspect such a type of geometry with
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Fig. 2.29 Overview of the defects observed by ultrasound investigations of CFRP samples from the
combined contamination scenarios, especially the scenario “release agent+finger print”; a minor
manufacturing defect and b minor deviation from reference

a regular phased array setting. An example of an inspection result when using a
conventional linear scanning configuration is shown in Fig. 2.30. Only one small
part of the sample appears in the cartography for the curved specimen. The thus
inspected region corresponds to the placewhere the sample surface is oriented closest
to parallel to the probe, plausibly in the middle of the curved specimen. Everywhere
else, no echo was measured, which is attributed to the fact that all the waves were
reflected away from the probe.

To solve this issue, the SAUL algorithm was used. The idea is to first describe
the surface geometry by using the ultrasonic phased array like a radar, whereby the

Fig. 2.30 Inspection results for a curved CFRP when using a linear scanning configuration
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distance to each element of the probe is detected. Subsequently, the delay laws are
calculated to generate an ultrasonic wavefront that will fit the sample geometry. In
Fig. 2.31, an example based on a CIVA numerical simulation is presented in order
to explain the principle. The elements on the edges are shot first, while those in the
middle are shot in the last position.

The curved CFRP sample inspections when applying SAUL are presented in
Fig. 2.32. The results show that the specific algorithm helps to complete the inspec-
tion.We did not notice any lack of data acquisition in any region of the specimen, and
the echo-wall “ew” amplitude was more or less homogeneous. Inspections were thus
possible thanks to SAUL, and the obtained signal could be used to make a statement

Fig. 2.31 Sketch showing an example of a SAUL (surface adaptative ultrasonic laws) calculation
applying CIVA software

Fig. 2.32 Ultrasound inspection results for a curved CFRP specimen using a SAUL configuration



92 K. Tserpes et al.

about the material quality, which appears to be very poor. Indeed, the amplitude of
the BWE turned out to be very low. The TCG had to be significantly increased in
order to receive a signal from the back wall. This necessary increase in the gain is
an indication of strong attenuation, probably due to a high porosity content. Thus,
it is difficult to give a clear statement on the bond quality, since the quality of the
composite adherends might be the main issue.

2.6.3 Fracture Toughness Results

As presented in the previous sections, pre-bond contamination was systematically
arranged and intentionally performed on CFRP adherends, and the adherend surfaces
aswell as the resultingCFRPbonded jointswere then characterizedbymeans of refer-
ence laboratory non-destructive testing (NDT) methods. Subsequently, the results
from the destructive testing regarding the respective joint strength are reported and the
effects of the carefully adjusted deviation from the qualified bonding process are eval-
uated based on the observed joint strength and fracture pattern, which are a common
design quantity constituting a joint specification. Using the terminology introduced
in Chap. 1 for the concept of quality assessment in adhesive bonding suggested in this
book, in the aircraft production this strength is considered a design-relevant operands
feature.

2.6.3.1 Mode-I Testing

The average GIC values of the specimens manufactured within the production and
repair scenarios are presented and compared in the compendious histograms in
Fig. 2.33 and Fig. 2.34, respectively. The reference category samples denoted as

Fig. 2.33 The average GIC values for bonded CFRP joints in a comparison of the production (P)
scenarios
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Fig. 2.34 The average GIC values for bonded CFRP joints in a comparison of the repair (R)
scenarios

P-REF and R-REF exhibited the highest fracture toughness values while the exper-
imental results indicate a mainly negative effect of the contamination introduced in
the respective scenario.

The characterization of the failure mode observed for the respective fracture
surfaces showed that adhesive failure was the dominant failure for all the production-
related scenarios regardless of the contamination case or level. The adhesive fracture
occurred for both the intentionally contaminated substrates in the production and the
repair scenarios, but in a different way for each specimen (the pattern and amount
of separated adhesive differ), contributing to the large scatter effect observed in the
GIC values. In the repair reference samples, a mixed-mode failure was observed
(Fig. 2.35), with the dominant failure being a light fiber tear failure, at 50%.

When investigating the joints manufactured following the production fingerprint
contamination scenario (P-FP), the respective observed GIC values decreased as
the level of contamination by the artificial hand perspiration solution increased.
Specifically, for the joints prepared following the P-FP-1 deviation from the qualified
production process used for the set of reference joints, the averageGIC value was the
same as obtained for the reference joints. This indicates that a low concentration level
of the FP contamination does not affect the performance of the bond. For P-FP-2,
the average GIC decreased by 8%, while for the high contamination level P-FP-3 the
GIC fracture toughness of the joints decreased significantly, by 39%. These findings
show the detrimental effect of FP contamination on bond performance.

Regarding moisture contamination, for the joints produced following MO-1, the
average GIC values show an almost 7% increase compared to the reference category.
Considering the observed mixed-fracture pattern, such a finding might be attributed
to a modification of the CFRP material by a moderate water uptake, which causes
plasticization of the polymeric matrix due to dispersing water molecules. However,
in the MO-2 production scenario, the averageGIC value was reduced by 24%, and in
the MO-3 by 8% as compared to the reference value. Considering the large standard
deviation observed, especially for theMO-2 samples, extrapolating a straightforward
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Fig. 2.35 Average percentages of fracture modes obtained after mode-I testing of the joints
manufactured within the repair scenarios a R-FP, b R-DI, and c R-TD

structure-property relationship regarding the effect of a medium or high level of
moisture contamination on bondline integrity is hindered. In any case, observing a
changed average value or a higher standard deviation for the findings related to the
design quantity fracture toughness indicates that moist CFRP adherends should be
considered an issue for the quality assessment of the resulting bonded joints.

Evaluating the effects of applying even small amounts of release agent to CFRP
adherend surfaces within the RA scenario indicates that there are substantial effects
on the observed fracture toughness for the thus produced adhesive joints. When
the production follows the low-level contamination RA-1 scenario, the average GIC

values showanalmost 18%reduction compared to the reference category, and forRA-
2 the average GIC is reduced comparatively clearly by 20%. The large scatter of the
GIC values of the RA-1 and RA-2 samples denotes that there is no statistically signif-
icant difference between the effects of the RA-1 and RA-2 contaminations; however,
the negative effect of the release agent contamination on the fracture toughness of
the bonded joint is evident when compared to the joints produced following the qual-
ified process. For RA-3 the fracture toughness of the joints degrades significantly, by
43%, demonstrating the detrimental effect of the release agent on bond performance.
Moreover, the mixed-fracture pattern indicating a weak bond is observed in this case,
in clear contrast to the fracture pattern of the joints produced following the P-REF
scenario.

Finally, the effects of following a combined contamination scenario with release
agent and fingerprint during the production process were investigated with respect to
the fracture toughness. The results indicate a significant reduction of the GIC value
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of the bonded joints that is greater than the reduction caused by each contaminant
separately, indicating that the combination of contaminations may be more detri-
mental to the composite bonded joints’ performance. Specifically, the GIC values
in the RA1+FP3 and RA2+FP3 scenarios decreased by 48% and 30%, respectively,
compared to the reference category values. It is worth mentioning that a consecutive
combination of the contamination RA2+FP3, i.e. first a contamination as for RA2
and then as for FP3, led to a smallerGIC reduction than the nominally lower contam-
ination level of RA1+FP3. This finding may indicate that the interaction of a high
RA level with FP3 affects the fracture toughness of the bondline less than the inter-
action of a low RA level with FP3. With both the release agent and the artificial hand
perspiration solution resulting in filmy deposits on the CFRP surface upon drying,
the supposed interaction between the contaminations is attributed to the effect that
the hydrophobic and barely water-soluble release agent film exercises on the transfer
and/or film formation of the aqueous solution, which finally dries on top of it.

Subsequently, we discuss the GIC findings displayed in Fig. 2.34, meaning that
the focus will be on the mechanical characteristics of joints manufactured according
to a repair scenario. The evaluation of the, respectively, obtained fracture pattern is
presented in Fig. 2.35. In contrast to the deleterious effect of films from the artificial
hand perspiration solution observed for joints prepared within the P-FP category,
for the R-FP scenario the contamination with a Skydrol fingerprint seems to have a
different scaling effect on the mechanical performance of the joint. We refer to the
finding that although R-FP contamination degrades the mode-I fracture toughness of
the joint, a reduced decrease in theGIC values was surprisingly observed for samples
provided with higher contamination levels. This phenomenon was also supported by
the failure mode presented in these samples, whereby an increasing cohesive failure
mode was observed (Fig. 2.35a). While a discussion based on additional findings
from the surface characterization will not be initiated here, intuitively such a trend
would hardly be expected if—in an analogy to the RA scenario—an increasingly
thicker inert film with a low cohesion were formed on CFRP surfaces upon contact
with increasingly concentrated Skydrol formulations.

Returning to Fig. 2.34 and moving on to the contamination scenario based on
depositing residues from a drying aqueous solution of de-icing agents onto CFRP
adherends, the fracture toughness results indicate a detrimental effect of dried de-icer
fluid on the bond performance asGIC is reduced for all three contamination levels (up
to 56% for the DI3 contamination level). The large scatter ofGIC values is attributed
to the complexity of the adhesion mechanisms and the failure mechanisms (unstable
crack propagation, varying failure modes) and possibly to a non-uniformity of the
contamination [1, 17]. Considering the respective fracture patterns, it was observed
that when increasing the contamination level there is an increase in the percentage
of areas exhibiting LFT failure (Fig. 2.35b), which is a clear sign that contact with
de-icing fluid degrades the tensile strength of the matrix.

Concerning the TD scenarios, thermal impact and degradation constitute an
external influence on a well-characterized material rather than a contamination, e.g.
by deposited substances. High temperatures can cause local overheating, damage
the CFRP resin and even affect the fiber/matrix interaction due to the differences in
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thermal elongation between matrix and fiber. The average GIC was reduced by 39%,
53%, and 58% for the joints prepared following the TD-1, TD-2, and TD-3 cases,
respectively, as compared to the reference category. However, theGIC value obtained
following an exposure of the adherends to the higher degradation temperature (TD-3)
was not significantly lower than that observed after an exposure to the temperature
of the TD-2 scenario. Although the opposite might be expected, it should be noted
here that in some cases [17, 26, 27] it has been reported that high temperatures can
cause oxidation, especially at the surface of the resin, which, due to the formation
of carbonyl surface groups, may even improve adhesion. This aspect is expected
to be less relevant when comparing the effects of the TD-2 and TD-3 scenarios
because the thermo-oxidatively affected CFRP surface region had been removed in
a grinding process prior to the bonding step. In any case, thermally affected CFRP
adherends are clearly an issue for the quality assessment of adhesively bonded joints.
Based on the fracture pattern evaluation, the dominant failure was the LTF failure
and its percentage increased as the temperature to which the CFRP adherends were
exposed increased, with LTF portions reaching up to 100% of the fracture surface
area for joints prepared following the TD-2 and TD-3 scenarios (Fig. 2.35c). This
indicates that considerable damagewas caused to the CFRP adherends due to thermal
degradation.

When inspecting theGIC values of the joints with the faulty curing of the adhesive
and comparing them with those obtained for the reference joints, it is evident that
there was a degradation of 15–21%. Evidently, the non-proper curing of the adhesive
in a joint can be very detrimental. Considering the rather large scatter between the
fracture toughness values of the joints with the faulty curing of the adhesive, a
significant distinction between the effects of the three contamination levels within
the TD scenario was not found.

Finally, a contamination scenario that combined the thermal impact on the CFRP
adherends and a deposit of dried de-icer was studied and a loss of the bond quality—
mirrored by a lower fracture toughness—was observed. Specifically, the GIC values
for samples of the combined scenarios R-TD1+DI1 and R-TD1+DI2 decreased by
30% and 52%, respectively, compared to the values observed for joints from the
reference category. Especially for the higher level of combined contamination, i.e.
TD1+DI2, the GIC reduction was greater than the reduction that each contamination
scenario induced separately.

2.6.3.2 Mode-II Testing

The average GIIC values of the samples prepared either following the qualified
production and repair processes or after intentionally introducing process deviations
during production or repair are presented and compared in the histograms displayed
in Fig. 2.36 and Fig. 2.37, respectively. Subsequently, wewill present and discuss our
findings beginningwith the tested as-bonded specimens and then regarding the effects
of environmental aging for specimens that underwent a hygrothermal exposure prior
to testing the mode-II fracture toughness.
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Fig. 2.36 Comparison of the average GIIC values for bonded CFRP joints in the production
scenarios before and after hygrothermal environmental aging

Fig. 2.37 Comparison of the average GIIC values for bonded CFRP joints in the repair scenarios
before and after hygrothermal environmental aging

Aswas observed for the averageGIC values of the unaged specimens, the reference
category samples exhibited the highest fracture toughness values, also with mode-
II characterization. Implementing any of the previously described contamination
scenarios during production or repair cases caused a decrease in the GIIC fracture
toughness. The observed reduction, as compared to the values found for specimens
from the P-REF and R-REF scenarios, respectively, was always greater than the
decrease of theGIC values thatwas observed for the correspondingly prepared sample
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sets. This finding indicates that the composite bond ismore sensitive to contamination
when loaded in mode-II (shear-induced crack propagation).

Starting with the GIIC tests of the unaged specimens, a detrimental impact of
fingerprinting the CFRP adherend surface prior to bonding in the P-FP scenario
was observed, also for the mode-II fracture toughness. When intentionally applying
increased contamination levels for further sample setswithin this scenario, this highly
significant adverse effect was confirmed and a further reduction of the value of GIIC

was found. Specifically, for both the P-FP-1 and the P-FP-2 cases a reduction of 61%
was observed regarding the reference values, while for P-FP-3 the reduction reached
69%.

Clearly exceeding the effects observed the in mode-I test results, a profound
impact of implementing themoisture contamination scenario for the adherends before
bonding was revealed in the mode-II tests. An increase of the moisture concentration
in the atmosphere applied during the storage of the adherends even caused a further
GIIC reduction. Specifically, a reduction by 45% and 73% compared to the reference
values was observed for the MO-1 and MO-2 cases, respectively, while for MO-3
the reduction reached 93%. These findings clearly reveal the detrimental effect of
moisture absorption on CFRP adherends in the mode-II fracture toughness of the
composite bonds. Moisture significantly lowers the quality of adhesion, and it also
leads to a loss of performance in the CFRP material itself and, by extension, causes
a loss of performance of the adhesive bond [1].

Concerning the mode-II investigations of specimens prepared from adherends
intentionally contaminated by release agent, a detrimental effect on the fracture
toughness was observed, which corresponds to the findings of the mode-I tests.
Increasing the release agent concentration causes an even stronger GIIC reduction.
Specifically, for RA-1 a reduction of theGIIC value by 37%was observed with regard
to the reference values, while for RA-2 the corresponding value was 53% and for
RA-3 the reduction reached 82%.

Finally, it was also observed that the combined contamination with release agent
and fingerprint resulted in a pronounced reduction of the GIIC values for the sets
of bonded joints. The decrease in fracture toughness was greater than the reduction
caused by each contaminant separately, indicating that the effect of successively
implementing two deposit-forming combination scenarios of contaminations may
prove even more deleterious to the performance of bonded composite joints. Specif-
ically, the GIIC values which were found after having applied the combined contam-
ination RA1+FP3 and RA2+FP3 on the CFRP adherends during the manufacture of
the joints were decreased by 87% and 82%, respectively, compared to the reference
category values. As in the mode-I tests, the combination RA2+FP3 did not lead to a
more distinct reduction of the GIIC value than the RA1+FP3 combination, in which
a fingerprint was applied using the same diluted artificial hand perspiration solution
but on top of a thinner release agent film.

The following will cover the results of GIIC tests performed with adhesive joints
prepared following the distinct repair scenarios and presented in Fig. 2.37.

Intentionally applying runway de-icing fluid to the CFRP adherend surface before
bonding has a similar impact on the mode-II fracture toughness of the resulting
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joints as was observed in the mode-I fracture toughness testing. An increase of the
de-icing fluid concentration used for the intentional CFRP surface contamination
caused a further GIIC reduction. Specifically, when following the DI1 scenario a
reduction of 56% was observed with regard to the reference values, while for DI2
the corresponding value was 62% and for DI3 the reduction reached 80%.

With respect to specimens from the R-FP contamination scenario, it was observed
that the mode-II fracture toughness of the joints was drastically reduced. Specif-
ically, applying R-FP-1 and R-FP-2 contamination levels caused a reduction of
approximately 61%, while introducing R-FP-3 reduced theGIIC even further to 82%
compared to the R-REF category. For all the tested joints a mixed-fracture image was
found. Basically, this reduction in bond strength could be attributed to the fact that
the FP contamination, with the hydraulic fluid transferred by fingerprinting, led to
poor adhesion between the adhesive and the adherend, whereby kissing bonds were
formed. However, the observed decrease in the fracture toughness as compared to the
R-REF specimens and the obtained adhesive fracture image contrast with the find-
ings for the joints based on correspondingly contaminated CFRP surfaces that were
subjected to mode-1 testing and which, in the case of the R-FP-3 scenario, yielded
increased GIC values as compared to the R-REF scenario as well as an adhesive
fracture image. Therefore, we essentially highlight once again that, under mode-II
loading, the composite bond is strikingly more sensitive with respect to the applied
contamination than under mode-I loading.

Concerning joints prepared from adherends that had experienced thermal impact
before being bonded within the TD scenario, an increase in the exposure temperature
caused a further GIIC reduction. The average GIIC was reduced by 81%, 88%, and
86% for the TD-1, TD-2, and TD-3 cases, respectively, compared to the reference
category. Again, the reduction for the TD-3 case was lower than for the TD-2 thermal
degradation. The scatter hinders any clear distinctions to bemade between the effects
of applying the TD-2 and TD-3 scenarios on the adhesive composite bond integrity.

As in the mode-I tests, the mode-II tests revealed that the intentionally applied
faulty curing of the adhesive within the repair scenario of CFRP joints can be detri-
mental to their resulting properties. Specifically, for the FC-1 scenario a reduction
of 46% was observed with regard to the reference values, while for FC-2 and FC-3
the reduction was even more drastic, amounting to 83% and 86%, respectively.

Finally, applying the more complex repair scenario, which comprises a combina-
tion of thermal impact and degradation with an application of de-icing fluid contam-
ination on the CFRP adherends before being bonded, results in a reduction of the
GIIC value of the joints by 80% and 83% for the R-TD1+DI1 and R-TD1+DI2 cases,
respectively. These effects are greater than the reduction of the GIIC value caused
by each contaminant separately. These findings indicate that monitoring effects of
successively applied contaminations is a task in the quality assessment of adherend
surfaces as well as the performance of the resulting joints.
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Aging Effect

Exposure to a hygrothermal environment is reported to be a critical issue regarding
the durability of adhesively bonded joints whenever the applied demands are char-
acterized by a combination of elevated temperature, moisture, exposure time, and
mechanical loading [28]. For example, elevated parameter settings are applied in
scenarios for highly accelerated life tests (HALT), which are used in the devel-
opment of a joint design to quickly achieve indications of weak points [29] or to
identify the functional operating limits exceeding the operational area defined by the
product specifications [30]. Against this background and aiming at a comprehension
of feasible deviations from the qualified bonding process in the development phase of
an adhesive joint, we have decided to include such elevated hygrothermal parameter
settings in the concept of the quality assessment for the manufacturing processes of
CFRP composite adhesive joints. The effect of the externally applied environment in
terms of moisture and temperature has been thoroughly investigated [31–33], essen-
tially indicating a significant loss of the bond strength of joints subjected to aging,
especially after reaching a moisture saturation in adhesive joints that were exposed
to a high relative humidity or water immersion.

The combination of a pre-bond contamination of adhesive composite joints and
after-bond exposure to hygrothermal aging leads to a drastic reduction of the GIIC

(Figs. 2.36 and 2.37). In the majority of the investigated scenarios, the effect
of applying the combination of pre-bond contamination and after-bond long-term
hygrothermal aging to a set of bonded joints is more severe than the effect of applying
either of the two scenarios separately.

The drastic reduction of the GIIC values ascertained when comparing the findings
for sets of aged and unaged CFRP joints coincides with the fact that the onset of
crack propagation was observed at the side of the specimen where the moisture
concentration and thermal effect are higher [34]. Additionally, the crack propagation
occurred near the adhesive region, and diffusion through the adhesive is regarded as
the primary access route for moisture to enter a joint [35].

For example, the aging procedure resulted in a reduction in the mode-II fracture
toughness of the R-REF samples by 62% compared to the unaged repair reference
scenario (Fig. 2.37). Additionally, for all of the aged specimens of any of the applied
contamination scenarios, the observed GIIC values of the aged samples were drasti-
cally reduced for all contamination levels compared to the respective unaged refer-
ence REF category. Surprisingly, it was observed that there were some sets of joint
specimens for which the GIIC values after the hygrothermal aging were higher than
for the respective set thatwas destructively tested before aging, namely for the sample
sets prepared following the MO-3, RA1+FP3, R-FP-3, FC-2, and FC-3 scenarios.
We attribute this finding of increased fracture toughness after hygrothermal aging to
a plasticization caused by the swelling of the adhesive layer and the CFRP matrix
due to a specific water uptake. Additionally, that the Skydrol contained in the R-FP
series is known to react with the water from the environmental chamber, producing
phosphoric acid [36]. Discriminating between such effects or deriving more detailed
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insights into effects caused by reversible water uptake, e.g. a plasticization of poly-
meric material, or by irreversible chemical reactions with moisture, e.g. the hydrol-
ysis of phosphoric acid esters, might be possible if re-dried aged specimens were
investigated in addition to unaged and aged specimens.

2.6.4 Tensile Testing

In this section we present and discuss the load–displacement curves and the respec-
tive fracture patterns observed when performing a tensile testing of adhesive joints
prepared from scarfed CFRP adherends. The results obtained for specimens prepared
following the reference scenario or by implementing distinct scenarios characterized
by introducing contaminations during the manufacturing process are presented in
Fig. 2.38. In all the contamination cases, one of the adherends was contaminated
while the otherwas intentionally left in the respective reference state, a setup intended
to replicate the real-life application of repair patches.

During tensile testing, it was observed that prior to the final failure (i.e. the sepa-
ration of the two adherends), all specimens presented an initial failure revealed by a
first load drop in the region of the load–displacement curves, which corresponds to
plastic deformation. This failure was localized at the edges of the scarfed area and
is attributed to stress concentrations at this point as well as to edge effects. Having
overcome this marginal fracture, the initial failure propagated along the scarfed area
and led to the final separation of the two adherends.

For the specimens prepared following one of the contamination scenarios, we
observed that all samples of the II-R-REF+TD1 scenario presented a higher failure

Fig. 2.38 Load–displacement curves for adhesive joints manufactured from scarfed CFRP
adherends that were prepared following the reference and contamination scenarios
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Fig. 2.39 Failure load
comparison for the scarfed
samples

load, by 22%, than the reference samples (Fig. 2.39). Although the exposure of flat
CFRP adherends to an elevated temperature following the TD-1 scenario decreased
the fracture toughness tested in mode-I and mode-II loading, such a decrease was
not prominently observed in the tensile testing of the joints prepared from scarfed
CFRP adherends. Even though heat usually damages the CFRP structure or causes
chemical changes in the matrix, there have been reports that high temperatures can
cause oxidation of the resin which may improve adhesion due to the formation of
carbonyl groups at the surface [17, 26, 27].

When implementing scenarios comprising the successive application of two
contamination cases, the obtained results revealed that the contamination combining
thermal impact and deposits of dried de-icing fluid had a negative effect on the
mechanical performance of the scarfed repair joints, reducing the failure load as
compared to specimens prepared following the reference scenario. Specifically, for
samples from the TD1+DI1 scenario, the reduction of the failure load was 29%,
while for the TD1+DI2 scenario the reduction reached 38% (Fig. 2.39).

Additionally, the failure surfaces of the joints were examined after the tensile
tests in order to characterize the failure modes and correlate themwith the tensile test
results. Figure 2.40 depicts the representative fracture surfaces of each contamination
scenario studied, showing the main failure modes observed in the tensile specimens.

The percentages of the different failure modes are compared for the different
sample sets in Fig. 2.41. For the reference samples, a mixed-mode failure was
observed, with the dominant failure being the FT failure, at 63% of the surface
area, while adhesive (ADH) failure was observed for 37% of the surface area. In
contrast, the tested samples prepared following the II-R-REF+TD1 case presented
a higher amount of CO failure (30%), while FT failure and the ADH failure modes
showed a reduction (43 and 27%) as compared to the reference samples. This change
of the fracture pattern coincides with the increase in the failure load observed for
the specimens prepared from scarfed adherends that had been exposed to elevated
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a) b)

c) d)

Fig. 2.40 Images showing the representative fracture surfaces of the joints prepared from scarfed
CFRP adherends obtained after loading in tension, sorted according to the contamination scenario;
a II-R-REF; b II-R-REF+TD1; c II-R-TD1+DI1; and d II-R-TD1+DI2

Fig. 2.41 Average percentages of the failure modes presented in the tensile tested scarfed joints,
sorted according to the contamination scenario

temperatures following the II-R-REF+TD1 scenario. When discussing these obser-
vations, the effects should be considered in relation to the loading geometry of the
scarfed specimens or the performed scarfing and subsequent cleaning processes. It
is plausible, according to the occurrence of a CO failure, to infer a greater amount
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of energy required for a crack to develop and propagate than that required to cause
an ADH or FT failure. As a consequence, an increase in the failure load is observed.

Inspecting the fracture patterns obtained for the II-R-TD1+DI1 samples, we
found that the FT remained the dominant failure. The observed increase of the area
percentage by 77%, as compared to samples prepared following the REF scenario,
indicates that the combined successive contamination with TD1 and DI1 had a dele-
terious impact mainly on the behavior of CFRP adherends under tensile loading.
Finally, after testing the II-R-TD1+DI2 set, the FT failure showed a slight reduction
compared to the findings for II-R-TD1+DI1. Specifically, 71% of the surface area
with an FT failure was observed, while ADH failure increased to 29%. These find-
ings indicate that the TD1+DI2 combined contamination affects mainly the bondline
performance (the interphase between the adherends and adhesive).

2.6.5 Centrifuge Test Results

In this section, the effect of pre-bond contamination scenarios related to production
and repair processes on adhesion strength between the intentionally contaminated
CFRP surface and the adhesive layer is assessed based on investigations by means of
the novel centrifuge testing technology. The plots shown in Fig. 2.43 and Fig. 2.45
display the average adhesion strength values, as derived fromEq. (2.5) for the applied
geometry used in the tests, for the production-related and repair-related samples,
respectively.

Figure 2.42 depicts representative microscope imagery revealing the different
failure modes observed for the various samples. Meanwhile, Figs. 2.44 and 2.46
display the evaluated average surface area percentages of the failure modes for spec-
imens prepared following the different production and repair-related contamination
scenarios.

For all the intentionally implemented deviations from the qualified manufacture
process for CFRP adherend surface preparation by applying contaminations defined
for production scenarios, the results showed a decrease in the adhesion strength. This
decrease was small for the low and medium contamination levels; however, for the
high contamination level a more profound decrease was found. The lowest adhesion
strength values were obtained for the specimens prepared following the P-MO-3 case
(98% RH). The standard deviation is also considerable, but within acceptable limits
for revealing the described trends. Remarkably, for all the sets of samples prepared
with contaminated adherends, a significantly higher standard deviation of adhesion
strength values was observed than for the P-REF specimens (Fig. 2.43).

Considering the specimens for the production-related scenarios, all the investi-
gated fracture patterns revealed ADH and LFT failure modes (Fig. 2.44). The adhe-
sivemainly remained on themetallic stamp, which is an indication of a stronger bond
between the metallic stamp and the adhesive as compared to between the adhesive
and the CFRP adherend. This stands for all cases of ADH failure here. The P-REF
samples showed a much higher adhesion strength (almost double) than that of the
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a) b)

c) d)

Fig. 2.42 Representativemicroscopy images revealing the failuremodes of centrifuge-testedCFRP
samples; a ADH+FT for R-TD sample (CFRP side); b ADH+FT for R-TD sample (stamp side);
c ADH+LFT for P-MO sample (CFRP side); and d ADH+LFT for P-MO sample (stamp side)

Fig. 2.43 Adhesion strength values obtained upon centrifuge testing specimens of the production-
related scenarios

R-REF samples (Fig. 2.45), which is due to the different type of adhesive used and
the different curing conditions applied.

Regarding the specimen sets prepared and tested within the repair scenario, the R-
REF samples (Fig. 2.45) showed a much lower adhesion strength (almost half) than
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Fig. 2.44 Average surface percentage for the different failure modes of the centrifuge-tested
samples a P-RA, b P-MO, and c P-FP

Fig. 2.45 Adhesion strength values for the repair-related sample categories

the P-REF samples.A significantly higher relative standard deviation of themeasured
strength values was found for the reference scenario R-REF as compared to in the
P-REF scenario. These findings are attributed to the different types of adhesive used
and the different curing conditions applied.

Against the background, quite insignificant effects of the implemented deviations
from the reference joining process were found. Concerning the specimens from
repair-related contamination scenarios, (except for R-FP-1 and R-TD-1), a decrease
of the adhesion strength was generally observed (Fig. 2.45) as compared to the
specimens prepared following the R-REF scenario. For the Skydrol-based R-FP
scenario, there seemed to be a slight increase in the adhesion strength for the R-FP-1
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case, while an insignificant variation in the adhesion strength was observed for the
R-FP-2 case and a decrease of the adhesion strength for the R-FP-3 case. However, a
robust conclusion cannot be drawn for the R-FP-1 and R-FP-2 cases due to the very
high standard deviation of the results for these two cases and the R-REF case. Only
for the R-FP-3 case was there a considerable decrease in the adhesion strength.

The percentages of the failuremodes in Fig. 2.46a reveal a similar failure behavior
for the R-FP-1 case and the R-FP-2 and R-FP-3 cases, namely a decrease of the LFT
failure and an increase of the ADH—which is an indication of a weak bond—and
TLC failure modes.

Bearing in mind that the TD scenario mimics effects of a thermal impact on the
CFRP adherends, we may assume from the finding that for specimens of the R-TD-1
case a similar behavior in terms of adhesion and failure modes is observed as for
the R-REF case (Fig. 2.46b). In contrast, the R-TD-2 and R-TD-3 cases present
a lower adhesion strength, and this is attributed to the degradation of the polymer
matrix, which becomes effective in the first layer of the CFRP adherend because of
the increased temperature, which causes the FT failure mode. The lowest adhesion
strength for this set of scenarios was measured for the R-TD-3 case (corresponding
to one of the CFRP adherends experiencing a pre-bond exposure of 280 °C).

Finally, for the R-DI scenario, a detrimental effect of the presence of dried de-icer
was revealed for the adhesion strength of the joint. The failure mode percentages
(Fig. 2.46c) show that an increase in the DI concentration causes an increase of the
ADH failure mode, as the deposition of a thin layer by the de-icer acts as a barrier
during the bonding of the adhesive and the CFRP adherend. However, in contrast to

Fig. 2.46 Average surface percentages of the different failure modes for the a R-FP b R-TD and
c R-DI centrifuge samples
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the adhesion strength, there is not a clear differentiation regarding the failure mode
percentages between the different concentrations of the dried de-icer.

2.7 Numerical Simulation

2.7.1 FE Model

A composite panel, stiffened with two stringers, was simulated under compression
using the LS-DYNA FE platform. Besides the reference panel, all contamination
scenarioswere simulated, and theirmaximum load-bearing capacitywas compared to
the reference panel. Debonding growth was simulated using the cohesive zonemodel
(CZM) method. This method has been widely used in the last decade to simulate the
delamination progression in composite materials and the debonding progression in
bonded joints, mainly due to its ease of use as it has been implemented in many
commercial FE codes.

For the analysis, the linear elastic/linear softening (bilinear) traction-separation
law was adopted. The constitutive law described in Fig. 2.47a is for the tension
loading and separation of the adherends in the normal direction (mode-I). The
mixed-mode behavior is described by the mixed-mode bilinear traction shown in
Fig. 2.47b. The first region (until point 1) corresponds to the elastic part of the mate-
rial’s response. In this region, the material remains undamaged and the unloading
at point 1 follows the elastic line. The region from point 1 to point 2 represents the
material softening (damage growth) area. Once the loading has progressed beyond
point 2, the material has suffered some damage (damage parameter is greater than
zero but less than one), however, there is no adherend separation yet. This occurs at
point 2, where the adherends separate permanently (damage parameter has reached
unity). The total area under the triangle represents the energy required to debond the
adherends and is known as the fracture energy. In LS-DYNA, the fracture energy

Fig. 2.47 Schematic representation of a the bilinear traction-separation law for the mode-I load
case and b the bilinear traction-separation law for the mixed-mode load case [37]
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is an input parameter. It has units of energy/area. In addition, the elastic stiffness
(slope) and the peak stress (point 1) are required to completely define the bilinear
law.

The progressive damage modeling method was adopted to simulate the damage
in the composite adherends. To this end, the material model MAT_162 of the LS-
DYNA was used, which has the capacity to predict several modes of damage to
the composite material. The specific material model automatically implements the
progressive damagemodelingmethodby combining a set of strain-basedHashin-type
failure criteria for predicting several failure modes like tension/shear fiber failure,
compression fiber failure, perpendicular matrix failure, and delamination [38].

To this end, skin, cap, and web components were modeled using standard eight-
node solid elements with three degrees of freedom per node (ELFORM = 1)
and MAT_162_COMPOSITE_MSC_ DMG. In addition, MAT_162 automatically
applied a property degradation module to simulate the damage effects.

FE mesh was created using ANSYSWorkbench and imported into the LS-DYNA
FE platform. All analyses were performed using LS-DYNA. The imported mesh is
depicted in Fig. 2.48.

The adhesive layer was modeled using eight-node cohesive elements
with three degrees of freedom per node (ELFORM = 19) and
MAT_138_COHESIVE_MIXED_MODE, which applied a mixed-mode CZM
with bilinear traction-separation law to the cohesive elements. Furthermore, the
debonding growth was predicted using the B-K power law.

The FEmodel was loaded in compression by applying displacement and the nodes
were fully supported at the end of panel, as can be seen in Fig. 2.48. In addition, in
order to reduce the extensive out-of-plane deformation that would cause a buckling
to the panel, the nodes that are depicted in Fig. 2.48were also supported. These nodes
represent a possible anti-buckling device that could be used during mechanical tests.

Fig. 2.48 Applied compression and boundary conditions on a flat stiffened panel
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2.7.2 Numerical Results

The resulting load–displacement curves for all contamination scenarios are depicted
in Fig. 2.49.

The comparison concerning the maximum load for all contamination scenarios is
presented in Fig. 2.50, wherein it can be observed that all contamination scenarios
have a negative influence on the load-bearing capacity of the stiffened panel.

Fig. 2.49 Load–displacement curves under compression for all contamination scenarios

Fig. 2.50 Predicted maximum compressive load for all contamination scenarios
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Fig. 2.51 Predicted debonding initiation for all contamination scenarios

In Fig. 2.51, the debonding initiation displacement is presented and compared
for all contamination scenarios. It is clear that all contamination scenarios have a
negative impact on debonding initiation, as in all scenarios the debonding initiates
earlier than in the reference case.

2.8 Conclusions/Synopsis

With our objective in mind of providing the reader with a feasible concept for quality
assessment in adhesive bonding technology that complies with the ten heuristics and
systematics described in Chap. 1, in this chapter we detail procedures to introduce
disturbances from one or even several operator-related process features in sched-
uled ways and to test quantitative and design-relevant joint features by applying
pre-process or post-process methodologies. Hereby, the exemplification is based on
identifying, defining, and intentionally implementing pre-bond contamination on
carbon fiber reinforced plastic (CFRP) adherends in gradational levels quantified
with spectroscopic laboratory methods and identified with respect to a reference
state given by the respective qualified bonding process.

The contaminants investigated within this project have a high relevance for the
majority of aerospace applications. The test scenarios cover two fields of applica-
tion for the adhesive bonding of primary structures, namely aircraft manufacture
and in-service bonded repair. The identification of all feasible (or, pragmatically, all
imaginable) disturbances of process features resulted in the definition of produc-
tion and repair scenarios, yielding distinct reference surface states differing in the
depth of abrasion accomplished by the CFRP grinding process. For the relevant
adherends, three sample geometries were defined, namely smooth coupon samples,
scarfed samples, and curved panels. The production-related disturbances comprised
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the impact of release agent, moisture, or saliferous fingerprints and, with respect
to repair-related disturbances, thermal impact, dried de-icing fluid, or a fingerprint
with hydraulic fluid on the adherend surface; a faulty curing of the adhesive was
also considered. For each of these identified and technologically crucial scenarios,
we implemented discrete levels differing in the dimension of the applied contami-
nation. Moreover, we accounted for the effects of hygrothermal aging before deter-
mining the joint strength using mode-I or mode-II testing of the fracture toughness
as well as through a novel centrifuge test. In particular, specifications defined by the
users of CFRP adhesive joints are often based on safeguarding adequate GIC values.
Exceeding the respective standards, we show that joint quality is supportively and
sensitively mirrored by mode-II testing of the fracture toughness as well as by the
novel centrifuge test.

The present chapter describes in detail the manufacturing of the adherends for
all the sample geometries (Aernnova Composites), the pre-bond single and multiple
contamination and bonding of the samples (Fraunhofer IFAM), the characteriza-
tion of the adherends and the joints using the XPS method (Fraunhofer IFAM),
the ultrasound testing of the bonded samples (Airbus), the mechanical testing and
the after-bond contamination of the samples (University of Patras), and finally the
numerical simulation of the stiffened panels (University of Patras).

The manufacture of the CFRP adherends for the coupons, scarfed samples, and
stiffened panels was performed under consideration of the specifications and surface
quality requirements determined by the internal procedures of the manufacturing
company and endusers. In order to obtain a high level of repetitiveness andquality, the
process of the sample preparation was carried out under aeronautical specifications
and in a controlled environment.

Following the identification of the relevant three production-related and four
repair-related contamination scenarios, for each scenario three levels of contami-
nation concentration were applied, namely a low level, a medium level, and a high
level. In addition, a combined contamination case for each process field was real-
ized. The contamination of the adherends was realized by Fraunhofer IFAM and
investigated using XPS analyses to measure the amount of contamination on the
adherend surface and to determine the exact contaminant concentration. After the
contamination procedure, the adherends were bonded in the autoclave.

The resulting joints manufactured from intentionally contaminated adherends
were inspected using conventional NDT. The objective was to make a statement
on the sample quality as well as on the weak bond status. All the samples were inves-
tigated using two different probes (5 and 10MHz). For the contaminated coupons and
the multi-contaminated flat samples, three different kinds of defects were observed:

1. Manufacturing defects with a marginal impact on the use of the sample for
ENDT evaluation, e.g. bending of the bonded specimens, adherend surface
quality issues.
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2. Minor deviation from the ultrasound reference signal in the case of moist CFRP
samples or sample surfaces contaminated by fingerprints (including multi-
contaminated specimens). This effect could be due to contamination if only
compared to the reference signal, but no further proof has been found so far.

3. Contamination-induced defects such as disbonding (faulty curing) or delami-
nation (thermal degradation). They might have a detrimental effect on future
ENDT measurements.

Conjointly with the mechanical testing results, the status of weak bonds could
then be confirmed for most of the samples. Finally, curved samples were success-
fully tested thanks to SAUL (surface adaptive ultrasonic laws) configurations. The
inspection results revealed a very low-quality sample material, probably due to the
CFRP composite adherend itself. Results obtained from such samples should be
evaluated and interpreted carefully.

In order to evaluate the influence of the surface state (clean, single, or multiple
contaminations) of one adherend on the mechanical properties on adhesively bonded
joints, established mechanical tests like mode-I and mode-II fracture toughness tests
as well as tensile and centrifuge tests were conducted by the University of Patras.
Mechanical testing demonstrates the contamination level that affects the mechanical
strength of a bond; the results can be correlated with the results from the reference
analysis methods and ENDT methods.

We shortly highlight that for each of the investigated disturbanceswe found signif-
icant effects on the resulting CFRP composite joint strength for at least one level
of contamination applied during the bonding process. Moreover, in many cases,
the lowest applied level only caused a decrease in the joint strength as compared
to production or repair procedures performed following the respectively qualified
process. In this way, the prepared sets of specimens encompass two challenges for
the aspired process monitoring procedures: On the one hand, (the effects of) the
contaminations will need to be detected, and on the other hand, the measured values
will need to facilitate the discrimination between more and less relevant levels of
contamination.

Specifically, the reference category exhibited the highest fracture toughness
values, while for almost all cases, except from R-FP-3, the presence of the contami-
nant proved to be detrimental for the fracture toughness of the joints. The higher the
contamination level, the higher the decrease of the joints’ performance. A combined
contamination results in a reduction of the fracture toughness of the bonded jointed
that is greater than the reduction caused by each contaminant separately, indicating
that a combination of contaminations may be more detrimental to the composite
bonded joints’ performance.

Additionally, a novel test was used that is both time and cost-efficient, namely
the centrifuge test, whereby the adhesion strengths of all the bonded joints were
measured. Besides the rather large scatter presented in some scenarios, in almost all
contamination scenarios, except for R-FP-1 and R-TD-1, there was a decrease of
the adhesion strength. By evaluating the centrifuge test’s experimental process and
results, it can be concluded that the centrifuge testing technology has great potential
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to be established as a test method for the characterization of bonded joints as it is a
fast testing process that generates repeatable tests capable of describing the strength
of the joints.

In order to evaluate the combined effect of the pre-bond contamination and after-
bond exposure to hygrothermal environment on the mode-II fracture toughness of
CFRP bonded joints, the contaminated samples underwent aging inside an environ-
mental chamber. Mostly, there was a negative effect of the contamination. After-
bond hygrothermal aging significantly degrades the mode-II fracture toughness of
the composite bonded joints. The decrease is larger for the contaminated samples,
which reveals that the combined effect is more severe than that of the two effects
separately.

Furthermore, the results of the tensilemechanical testing performed by theUniver-
sity of Patras revealed the effect of each contamination scenario in the tensile perfor-
mance of the scarfed samples. A single contamination of an adherend with TD-1
proved to be beneficial since the sample presented a higher failure load than the
reference samples. This was attributed to the enhancement of the matrix properties
due to its oxidation and the formation of carbonyl groups at the surface. However, the
negative effect of the combined contamination was also demonstrated. The results
showed that a combined contamination of thermal degradation and de-icing fluid has
a negative effect on the mechanical performance of the scarfed repair joints, reducing
the failure load by up to 38%.

In total, 378 test couponswere tested usingmode-I andmode-II fracture toughness
tests, while 136 samples were tested using a centrifuge and tensile tests, resulting in
a total of 514 tested specimens.

Finally, regarding the numerical simulations, a composite panel stiffenedwith two
T-stringers was simulated under compression using the LS-DYNA FE platform. The
comparison concerning the maximum load for the contamination scenarios showed
that all contamination scenarios had a negative influence on the load-bearing capacity
of the stiffened panel. Also, as a result of the contamination, the debonding initiated
earlier than in the reference case.

Based on the findings achieved here, in-process ENDT will be implemented to
assess features characteristic either to the pre-bond adherend surfaces (see Chap. 3)
or to the adhesive joints (seeChap. 4) that weremanufactured following the described
intentionally applied contamination scenarios.
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Abstract This chapter introduces various extended non-destructive testing (ENDT)
techniques for surface quality assessment, which are first characterized, then
enhanced, and finally applied to assess the level of pre-bond contaminations inten-
tionally applied to carbon fiber reinforced plastic (CFRP) adherends following the
procedures described in the previous chapter. Based on two user cases comprising
different scenarios that are characteristic of either aeronautical production or repair,
the detailed tests conducted on two types of sample geometry, namely flat coupons
and scarfed pilot samples with a more complex shape, form the basis for applying the
advanced ENDT procedures for the monitoring of realistic and real aircraft parts, as
will be described in Chap. 5. Specifically, the reported investigations were performed
to assess the surface quality of first ground and then intentionally contaminatedCFRP
surfaces using the following ENDT tools: the aerosol wetting test (AWT), opti-
cally stimulated electron emission (OSEE), two differently implemented approaches
based on electronic noses, laser-induced breakdown spectroscopy (LIBS), Fourier-
transform infrared (FTIR) spectroscopy, laser-induced fluorescence (LIF), and laser
vibrometry.
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3.1 Introduction

In the previous chapters, we detailed that one of the reasons inhibiting the certifi-
cation of adhesive bonding for primary aircraft structures is the sensitivity of the
bondline integrity to the presence of defects that can affect the strength of the joints.
These defects are not accessible to visual monitoring during the bonding process.
Furthermore, the most critical defects arising during the manufacture of adhesive
joints are those that are not detectable by currently available NDT methods. This
has led us to develop extended NDT (ENDT) methods capable of detecting such
effects on CFRP adherends, whereby we evaluate their efficiency and assess their
applicability benefits based on the analysis of specimens with increasingly complex
sample geometries, starting from flat coupon samples that exhibit distinct levels of
intentionally applied contaminations [1] and moving toward CFRP panels with more
complex/curved geometries that might even exhibit multiple contaminations. The
present chapter describes the respective contributions of the individual partners of
the ComBoNDT consortium [2], thereby detailing the different specialist approaches
within a jointly developed concept for quality assurance.

The subsequently detailed ENDT procedures for surface quality assessment
constitute an essential input into the framework for the overall concept for the quality
assessment of adhesively bonded joints described in this book. The results presented
in this chapter were achieved in the research conducted into the applied ENDT
methods. Looking ahead, we would like to highlight here that in certain contam-
ination scenarios of the aircraft production and repair user cases, these pre-bond
in-process methods were sensitive to impacts that were shown to affect a strength
reduction of successively manufactured adhesive bonds and, therefore, could poten-
tially be utilized to identify not-in-order (NIO) adherends during a surface quality
assessment procedure.

3.2 Aerosol Wetting Test (AWT)

In this section, we introduce the aerosol wetting test (AWT) as a tool for surface
quality assessment and detail how its performance was enhanced in the ComBoNDT
project for the in-process monitoring of CFRP adherends.
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3.2.1 Principle and Instrumentation

AWT allows the inline monitoring of the surface state, specifically through an
inspection of its wettability.

Throughout the last decade, various aspects of this technology have been
enhanced, whereby the most recent advances were achieved in the ComBoNDT
project. Hereby, both the hardware and software were adapted in order to achieve
more relevant and more reliable results in terms of measurement, data evaluation,
and post-processing.

3.2.1.1 Measurement Principle

AWT allows the monitoring of a surface state by analyzing its wetting properties.
In its most common implementation, an aerosol of ultra-clean water is sprayed onto
the surface using an ultrasonic spray nozzle. Depending on the wetting behavior
and wettability of the surface, the droplet pattern, diameter, and distribution vary, as
exemplified in Fig. 3.1. The wetting behavior is then automatically analyzed based
on the images recorded by a camera system and image processing algorithms.

This surface inspection method has various advantages, which are briefly:

Fig. 3.1 Aerosol wetting test (AWT) droplet pattern influenced by the local wettability of the
substrate surface: a more wettable surface region (left) with less and larger droplets compared to a
less wettable surface region (right) exposed to the same amount of droplets from a water aerosol
generated by an ultrasonic nozzle
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• The inspection speed and the size of the inspected surface.

AWT is particularly adapted to the measurement of the properties of the droplet
pattern at the edge of a part. The inspection is conducted on a 30 mm wide area at
a speed of 6 m per minute; therefore, it is especially suitable for inspecting specific,
narrow bonding areas. In practice, each image is separated from the previous one
and then the evaluation is performed. The values in this book are given based on
calibrated image dimensions, such as the base area (30 × 30 mm).

• Its low impact on the surface.

This method is non-destructive and has a minimal influence on the investigated
part. Approximately 0.2 µL of ultra-clean water is deposited by the spray per square
centimeter. After drying (which takes less than aminute formost substratematerials),
the surface typically does not show any residue since the water used is ultra-clean.

• Its simplicity of use and implementation.

The system enables the inspection of various parts with only a few limitations. The
measurement can take place in various environments (for example, on a production
line), on various materials, and it only needs a standard energy supply.

• The simplicity of achieving the results.

Once the images are captured, various image processing algorithms and decision-
making processes run simultaneously. If the calibration of the system has been flaw-
lessly achieved, the result can be integrated into a simple IO/NIO signal for the
inspector, saving the more complex data for later analysis.

3.2.1.2 Software Enhancement

During the ComBoNDT project, various software modifications were made to the
existing system, most significantly to the image processing algorithms. Once the
images of the droplet patterns have been generated by the camera, the main task,
which is also the hardest, is detecting the droplets (and their lateral boundaries) and
separating them on the image from the background formed by the material texture.

At the beginning of the project, this was accomplished by a very straightfor-
ward image processing step (thresholding followed by morphological operations);
however, it emerged that this approach is extremely unstable if there are variations
of the surface properties (texture, structure…).

In afirst step, this rather simple imageprocessingmethodwas replacedwith amore
complex one that can nevertheless be considered standard image processing. This
enhancement primarily facilitates the detection of droplets on surfaces with slight
variations in color or also light intensity. This first step was fully integrated into the
research system and already is implemented on the system for inline detection.
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However, for some complex surfaces or distinct contamination scenarios resulting
in more varied and unpredictable droplet appearances and patterns, even this
enhanced image processing was not sufficiently effective. Hence, further improve-
ments were made, with the detection and evaluation of the droplet pattern being
done by a convolutional neural network (CNN). We trained the network on various
datasets generated by the AWT system (various materials, various contaminations,
and/or activation of the surface). With a wide set of samples, the network was trained
to separate the image pixels belonging to a droplet from the pixels belonging to the
background.

We visualize the various stages of the up-to-date image processing in the table
displayed in Fig. 3.2.

Following this use of a CNN to detect the droplets, further classical image
processing approacheswere integrated for an easier decision-making process. Conse-
quently, a sequence of various filters was applied to the image, and local values for the
standard parameters (e.g., wetted area percentage, deposited water droplet diameter,
drop count to evaluate the droplet number density) were calculated and graphically
displayed, as shown in Fig. 3.3.

Fig. 3.2 VariousAWT image processing generations on various surfaceswith distinct complexities.
Droplet images with green frames highlight a successful droplet detection; some droplet detections
(marked by a red frame) were not successful enough for a meaningful analysis
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Fig. 3.3 Example output of the so-called heatmap after convolutional neural network (CNN)
processing. The displayed example was obtained within a fingerprint contamination scenario

3.2.1.3 Hardware Enhancement

Some improvements were also made to the hardware, mainly concerning the AWT
measurement head, which was fully redesigned. This was motivated by various
considerations:

• Improving the optical system properties.
• Facilitating the use of a robot to perform the measurements on parts with complex

geometries, which are presented in Chap. 5.

Specific hardware with high computing power was used in order to integrate the
CNN image processing.

3.2.1.4 Up-to-Date Measurement Apparatus

By the end of the project, the updated AWT system consisted of three main compo-
nents, namely the measurement head, the electrical cabinet, and the processing
computer system, as presented in Fig. 3.4.
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Fig. 3.4 Updated robot-aided bonNDTinspect AWT measurement head imaged during the full-
scale demonstration (detailed in Chap. 5) conducted at Fraunhofer IFAM in Bremen

3.2.2 AWT Results

Here, we present our findings achieved by applying AWT to assess distinct
contamination scenarios for CFRP adherends with different shapes.

3.2.2.1 AWT Results for the Coupon Level Samples

In the following investigations, the various test results for each of the distinct contami-
nation scenarios and three different contamination levels are compared to the results
for the clean ground reference samples, which differ depending on the respective
production or repair user case.

The results shown here are always presented for those two droplet pattern features
out of the four subsequently listed ones that showed the best differentiating correla-
tion with the respectively applied contamination levels. The four evaluated features
are as follows:

• Average droplet diameter.
• Wetted percentage, i.e., the percentage of the surface covered by water.
• Number of droplets per surface area, i.e., the droplet density.
• Average droplet compactness, whereby the compactness of each droplet is

calculated by determining the area to perimeter ratio.
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Fig. 3.5 Evaluation results for the AWT features of droplet diameter and number of droplets as
obtained for the CFRP samples from the MO scenario

3.2.2.2 Detection of the Moisture of CFRP Substrates (P-MO)

The moisture contamination of CFRP parts from the production user case was
successfully revealed and distinguished for the three different contamination levels
achieved by material exposure to environments with distinct relative humidities, as
shown in Fig. 3.5.

3.2.2.3 Detection of Release Agent (P-RA)

Release agent contamination was successfully revealed and distinguished for the
three different contamination levels achieved by depositing distinct amounts of a
silicon-containing release agent onto the surface, as shown in Fig. 3.6.

Fig. 3.6 Evaluation results for the AWT features of droplet diameter and wetted percentage as
obtained for the CFRP samples from the scenario involving a silicon-containing release agent
deposited at atomic concentrations, characterized by XPS investigations
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Fig. 3.7 Evaluation results for the AWT features of wetted percentage and number of droplets as
obtained for the CFRP samples from the de-icing fluid scenario involving a potassium-containing
de-icing fluid deposited at atomic concentrations, characterized by XPS investigations

3.2.2.4 Detection of Fingerprints on Production Samples (P-FP)

The fingerprint contamination within the production user case was contrasted and
detected using AWT, although discrimination between the different contamination
levels could not be achieved. For locally deposited contaminations, such as the
fingerprints used here, the detection was also successfully achieved with local image
processing algorithms, which allowed the characterization of the size and position
of the contamination.

3.2.2.5 Detection of De-icing Fluid (DI)

The de-icing fluid contaminations were clearly revealed by AWT when comparing
the droplet patterns obtained on intentionally contaminated CFRP specimens with
those of clean reference samples. However, the different contaminations levels could
barely be differentiated from each other, see Fig. 3.7.

3.2.2.6 Detection of Fingerprints on Repair Samples (R-FP)

Contaminations applied to CFRP surfaces for the fingerprint scenario within the
repair user case were barely detected with AWT, and the distinct contamination
levels were not differentiated.

3.2.2.7 Detection of Thermal Degradation (R-FP)

The effects of the thermal impact on CFRP coupon specimens were clearly detected
byAWT.However, the different contamination levelswere only barely differentiated.
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No 
detection

Partial 
detection

Clear 
detection

Partial discrimination 
of contamination level

Discrimination of 
contamination level

1 2 3 4 5

Moisture (MO) X
Release agents (RA) X
Fingerprint (FP) X
RA + FP X
De-icer (DI) X
Fingerprint (FP) X
Thermal degradation (TD) X
TD + DI X

Production

Repair

Fig. 3.8 Summary of the detection capacity (markedX) observed for the flat CFRP coupon samples
for the production or repair user cases (first column) within the respective contamination scenarios
(second column)

3.2.2.8 Summary of the Performance of AWT for Contaminated CFRP
Coupon Samples

The summary presented in Fig. 3.8 shows the detection capacity of AWT for various
contamination scenarios. The samples considered here are the flat CFRP coupon
samples, which may not be directly relevant for the evaluation of the performance
of the AWT method in terms of real parts.

3.2.3 AWT Results for the Pilot Level Samples

The AWT results obtained for the scarfed CFRP pilot samples are presented in the
following. They cannot be directly compared with the results for the coupon samples
or those of the realistic parts. Indeed, the variations between part type, geometry, and
surface have a significant influence on the AWTmeasurement and evaluation results.

Therefore, we perform comparisons only among similar parts of the same type.
The analytical process was set up following the objective of detecting surface
contamination on the respective part.

3.2.3.1 Pilot Samples for the Production User Case with Combined
Release Agent and Fingerprint Contamination

Regarding the surface constitution/texture, the pilot samples of the production user
case showed a strongly structured surface andwere slightly curved. TheAWTdroplet
detection was partially successful with the first image processing improvement, and
it was successful in all cases using neural network processing, see Fig. 3.9.

In this case, the geometrically strongly structured background as well as the
combination of two contamination processes involving two types of deposited
contaminants led to a more difficult differentiation of the various contamination
levels, see Fig. 3.10.
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Fig. 3.9 Overview of the findings from different AWT droplet image evaluation and processing
procedures for the production pilot samples, starting from an original image (left), after performing
the droplet segmentation with standard image processing (labeled “old segmentation”), and after
training a CNN

Fig. 3.10 AWT findings when evaluating the feature of wetted percentage for distinct levels of the
intentionally deposited combined “release agent (RA)+fingerprint (FP)” contamination within the
production user case with pilot CFRP samples

3.2.3.2 Repair Scenario Pilot Samples with Combined “Thermal
Impact+De-icing Fluid” Contamination

Wewould like to reiterate here that in contrast to the smooth CFRP specimens of the
respective production user case, the pilot samples within the repair user case were
shafted CFRP samples. In the following, we focus on the contamination scenario that
is based on distinct levels of combined thermal degradation and subsequent de-icing
fluid contamination.

Similar to the production pilot samples, the detection of the applied water droplets
following the AWT procedure was challenging, even though the surface did not
show a very strong texture/structure. However, the deposited waterborne de-icing
fluid contamination (as similarly observed on coupon samples) leads to a very good
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spreading of the droplets. Therefore, identifying individual droplets during the detec-
tion step of theAWTdata evaluation processwas harder since the droplets appeared to
be “open” on the captured images instead of being assigned a roundish and “closed”
contour. This type of droplet is not detectable using standard image processing. Once
again, for such a scenario, the processing of the images with the CNN proved to be
quite efficient, see Fig. 3.11.

Both the detection of contamination and the differentiation from the reference
CFRP surface state were easily achieved through the observation of the AWT
“droplet diameter” feature. The differentiation of various contamination levels was
also possible here, see Fig. 3.12.

Fig. 3.11 Starting from the captured original AWT image, this sequence was obtained from distinct
droplet segmentation approaches using standard image processing (“old segmentation”, left) and
convolutional neural network (“CNN segmentation”, right) when applying AWT to intentionally
contaminated CFRP pilot samples within the repair user case

Fig. 3.12 AWT findings when evaluating the “droplet diameter” feature obtained for the CFRP
pilot samples prepared within the combined “thermal impact+de-icer” contamination scenario
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3.2.4 AWT Performance in Inline Surface Quality
Assessment

In order to establish and enhance the performance of AWT when inspecting the
surface states of CFRP parts relevant for specific aeronautical user cases, we itera-
tively determined and advanced the abilities of the system on flat coupon samples,
pilot samples, and realistic parts and then conducted an assessment of the poten-
tial inline application of the technology. As explained, this technology relies on
a comparative assessment of the surface state. Hereby, the very powerful system-
atic AWT inspection procedure, based on a convolutional neural network (CNN),
must be taught to differentiate contaminations. Once the system had been trained to
correctly detect the droplets and to differentiate the contaminations, its use in inline
applications was straightforward.

The inline application allows fast and non-destructive monitoring and classi-
fication of the surface states and clearly exceeds the performance of the NDT
approaches used so far (e.g., the water break test). Most contaminations investigated
during the ComBoNDT research project in distinct scenarios with various degrees
of contamination were successfully detected, and even the relevant contamination
levels investigated here could be differentiated.

In conclusion, we developed sensitive and productive AWT procedures that not
only facilitated the differentiation between the surface states of clean and intention-
ally contaminated parts but also permitted discrimination between distinct levels
of contamination for several contamination scenarios. As the significance of AWT
investigations and the thus obtained findings are based on contrasts in the wetting
behavior of the inspected surfaces, our investigations plausibly indicate that AWT is
a very surface-sensitive technique that enables a significant differentiation between
clean surfaces and surfaces with sub-monolayer and monolayer contamination.
However, AWT does not allow discrimination between surface states composed of
a few or several molecular layers of contaminants. Finally, the integration of the
technology in inline applications without major constraints was achieved.

3.3 Optically Stimulated Electron Emission (OSEE)

In this section, we introduce optically stimulated electron emission (OSEE) as a tool
for surface quality assessment and detail how its performance was enhanced in the
ComBoNDT research project for the in-process monitoring of CFRP adherends.
Using OSEE for the surface inspection of carbon/epoxy composite and CFRP
substrates has been described in several works over the last decades [3, 4], and the
method is presently gaining visibility in surface quality assessment prior to bonding
[1, 5, 6].
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3.3.1 Principle and Instrumentation

OSEE is a surface analytical technique that relies on recording the photocurrent
emitted from a sample surface region illuminated with UV light, typically under
environmental conditions that prevail in cleaning or adhesive bonding processes.
There are twomodes of operation. During “microscopic”OSEEmapping, the sample
is scanned using an electron collector, typically by applying lateral movements
with a speed ranging from 1 mm to 1 cm per second. Meanwhile, during “spec-
troscopic” local measurements, the photocurrent is measured at fixed positions upon
varying and recording the hold-up time.We performed our OSEE experiments under
ambient conditions using an SQM300 surface qualitymonitor (purchased fromPhoto
Emission Tech., Inc. (PET), USA).

Regarding the principle of an OSEE measurement in more detail, during the local
inspection, regions of the sample surface are exposed to UV light from a mercury
vapor lamp with prominent emission maxima at 4.9 and 6.7 eV. As the work func-
tion of the respective substrate surface amounts to approximately 5 eV, the emission
maximum at the higher energy of 6.7 eV essentially contributes to the photoelectrons
emitted by the sample surface, and the emitted electrons exhibit kinetic energies of
less than approximately 2 eV. A sub-micrometer information depth of this method
is observed when investigating the surface of a solid sample covered with a film
exhibiting a thickness of some nanometers. This allows for the sensitive detection
of thin films on substrates that do not significantly trap electric charges upon photo-
electron emission. The interaction of the emitted photoelectrons with the ambient
atmosphere is dominated by an electric field effective at the collector of the sensor
to an extent that permits sensor-surface distances in the millimeter range during
OSEE measurements. Carefully controlling the distance between the sensor and the
surface is a prerequisite for effectively applying the setup presented in Fig. 3.26, see
Fig. 3.13.

Tomount the substrates for analysis,we equipped a commercialOSEEdevicewith
an electrically conductive and earthed moving table upon which we positioned the
analyte sample usingmovements in two perpendicular horizontal directions (x and y)
under the sensor. The vertical distance between the sample surface and the sensor (z)
was set using a micrometer screw attached to the holder of the sensor. The enhanced
OSEE setup developed during the ComBoNDT research project permitted vertical
sensor movements with the aid of an electric motor, and the most advanced OSEE
procedure was achieved with robot-aided three-dimensional sensor positioning. In
OSEE implementations depending on a moving table for positioning the CFRP spec-
imens, a surface scan was performed, with the table programmed to move according
to a certain step size and number of steps in both horizontal directions, defined by the
user through the machine-associated software. As the scan advanced, a photocurrent
was obtained for each part of the scanned surface, and an apparently dimension-
less value (which actually indicates a current converted into a voltage [7], given in
centivolts), henceforth denoted as the OSEE signal, was indicated on a display and
digitally recorded. Finally, a digital worksheet with the emission values for the entire
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Fig. 3.13 Diagram showing the components and the principle of optically stimulated electron
emission (OSEE) for measuring a photocurrent to reveal the surface state of a substrate

analyzed sample, i.e., an OSEE map, was obtained as a result of the test. For further
evaluation of thesemaps especially for non-localized contaminations, themean value
of all the data points in the map together with its standard deviation was calculated.

3.3.2 OSEE Results

In the following, we report the OSEE enhancements and findings obtained in the
ComBoNDT research project, in which the consortium partners at Fraunhofer IFAM
performed the in-process monitoring of CFRP adherends with different shapes that
are relevant for distinct technologically relevant user cases and which had undergone
an intentional application of various contamination scenarios.

3.3.2.1 OSEE Results Obtained on CFRP Coupon Level Samples

First, we detail the advancements of the OSEE technique. Then, we report the respec-
tive OSEE results for the production user cases, characterized by a grayish abrasive
dust obtained during the grinding of theCFRP surface, and the repair user cases, char-
acterized by black abrasive dust obtained during the grinding of the CFRP surface.
When assessing the surface quality of the coupon level CFRP specimens, we used
OSEE to investigate a set of three 10 cm wide square samples to examine the surface
state. For each sample, a surface scan was performed using a 6 mm wide aperture
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at a constant sensor-surface distance, with the table being programmed to move
according to 15 steps with a width of 5 or 6 mm (in both horizontal directions), as
defined by the user through the machine-associated software.

In going beyond the commercially available state of the art, and thereby increasing
the technology readiness level of the OSEE technique, three principal advances were
performed within the ComBoNDT project. First, we aimed at improving the reli-
ability of the technique by considering the influence of topography, especially the
sample-sensor distance, on the sensor signal and by controlling or also avoiding
electrostatic charging effects. Second, we sought an adaption of the device setup and
control systems to the automated scanning of CFRP surfaces used in real manufac-
turing processes within the production or repair user cases. Third, we manufactured
the electronic parts for the OSEE adaptation (e.g., serial interface, power supply,
and relay board) as defined by Fraunhofer IFAM within the project. The achieved
advancements are presented in Fig. 3.14.

Fig. 3.14 Images showing the technological advancements achieved for optically stimulated elec-
tron emission (OSEE) in the ComBoNDT research project: The developed motor-driven shutter for
the UV light source (left; below the electron collector) and the drive for the sensor holder, permitting
a variation of the distance between the sensor and the substrate surface (right)
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In terms of the abovementioned “microscopic” and “spectroscopic” operation
modes of OSEE, a hybrid operation mode was developed and implemented. Based
on rapidly opening a shutter in the light path of the UV source after having reached a
measurement position (by laterally moving the newly developed x, y scanning table),
an instant time-dependent (“in-time“) sample mapping was facilitated that allowed
combining the x, y mapping option while recording the local charging behavior or
also recording the local height (i.e., sensor-surface distance) dependence of theOSEE
signal. Specifically, by introducing an automatized variation of the sample-sensor
distance based on a third precision drive (for the vertical z-direction), the variation
of the OSEE signal upon changing the sensor-surface distance became possible. This
also enables an assessment of surface topographies that are more complex than flat
surfaces.

Production user case based on CFRP coupons

For the production user case based on CFRP coupon specimens, we investigated
three different contamination scenarios, and the respectively obtained OSEE results
were compared to the reference surface state of the production samples (P-RE):

• First, different levels of surface contaminationswith a silicone-based release agent
(P-RA) were prepared, as described in Chap. 2, and the degree of contamination
was quantified by XPS analysis.

• Second, for the production fingerprint scenario (P-FP), samples were contami-
nated by different amounts of a synthetic sweat formulation according to DIN
ISO 9022-12, as also detailed by Moutsompegka et al. [8].

• Third, a moisture scenario during production (P-MO) was considered.

Figure 3.15 presents the respectively obtained OSEE maps for the three samples
prepared following the clean reference (P-RE) scenario. With the instrumental
settings applied, an average OSEE intensity of 754 ± 152 a.u. (arbitrary units) was
obtained.

In the following, we present plots showing the average OSEE intensity for the
three contamination scenarios P-RA, P-FP, and P-MO in comparison to that obtained
for P-RE.

Fig. 3.15 Optically stimulated electron emission (OSEE) maps (15 × 15 pixels) for the three
samples prepared following the clean reference scenario of the production user case (P-RE), based
on CFRP coupon specimens resulting from a grinding process that was characterized by producing
a grayish abrasive dust
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Fig. 3.16 Average OSEE intensities for the three samples within each sample set, P-RA-1, P-RA-2,
and P-RA-3, as part of the P-RA scenario, based on different contamination degrees achieved with
an intentionally deposited silicone-based release agent, compared to the OSEE results for the P-RE
scenario

Asmay be inferred fromFig. 3.16, all the surfaces corresponding to contamination
levels P-RA-1, P-RA-2, and P-RA-3within the P-RA scenario can be clearly detected
and differentiated from the surface state corresponding to P-RE.

As may be perceived from Fig. 3.17, the average OSEE intensities obtained for
surfaces corresponding to moisture levels P-MO-1, P-MO-2, and P-MO-3 within
the P-MO scenario can be clearly detected and differentiated from the clean CFRP
surface state corresponding to P-RE.

Asmay be seen in Fig. 3.18, all the surfaces corresponding to contamination levels
P-FP-1, P-FP-2, and P-FP-3 within the P-FP scenario can be clearly detected and
differentiated from the surface state corresponding to P-RE, even when evaluating
7.5 cm × 7.5 cm wide areas, which exceeds the area covered by the respectively
applied fingerprint (the size of a human thumbprint).

Repair user case based on CFRP coupons

For the repair user case based on the coupon level CFRP specimens, three different
contamination scenarios were investigated, and the respectively obtained OSEE
results were compared to the reference surface state of the repair samples (R-RE):

• For the first repair scenario (R-DI), the surfaces were intentionally contaminated
with different amounts of de-icing fluid (also called de-icer, an aqueous potassium
format solution).

• The second scenario (R-FP) involved contaminations with hydraulic Skydrol fluid
[8], the main ingredients of which are phosphate esters.
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Fig. 3.17 Average OSEE intensities for the three samples within each sample set, P-MO-1, P-MO-
2, and P-MO-3, as part of the P-MO scenario, based on different moisture degrees achieved through
intentional exposure to distinctly humid environments, compared to the OSEE results for the P-RE
scenario

FP-1 FP-2 FP-3

Fig. 3.18 Average OSEE intensities for the three samples within each sample set, P-FP-1, P-FP-
2, and P-FP-3, as part of the P-FP scenario, based on locally applied contaminations of different
degrees, achieved by intentionally depositing a sodium-containing synthetic sweat formulation,
compared to the OSEE results of the P-RE scenario

• The third repair scenario considered a thermal impact affecting CFRP surface
degradation during repair (R-TD).

We highlight here that the OSEE intensity values for the samples prepared
according to the R-RE scenario showed significantly higher OSEE intensities than
those prepared according to the P-RE scenario. We attribute this finding to a more
profound grinding in the case of the R-RE samples, which led to a higher area ratio
of the exposed carbon fibers; we expect carbon fibers to contribute a higher OSEE
intensity than the polymer matrix of the composite material. The OSEE settings
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Fig. 3.19 Optically stimulated electron emission (OSEE) maps (15 × 15 pixels) for the three
samples prepared following the clean reference R-RE scenario of the repair user case, based on
CFRP coupon specimens resulting from a grinding process that is characterized by producing black
abrasive dust, measured with adjusted OSEE settings

adjusted for the CFRP specimens of the R-RE scenario were applied for all the
samples investigated within the repair user case.

Figure 3.19 presents the OSEE maps obtained for the three samples prepared
following the R-RE scenario. With the instrumental settings applied, an average
OSEE intensity of 739 ± 106 a.u. was obtained. We highlight here that, based on
our OSEE investigations, the I-R-OSEE-RE-1 sample had presumably been polished
more strongly on the right side than on the left. We note that any OSEEmap obtained
ongroundCFRP substrates reveals both the lateral homogeneity of the sample surface
(based on the standard deviation of theOSEEsignal) and the depth of polishing (based
on the intensity of the OSEE signal).

In the following, plots showing the average OSEE intensity of the three scenarios
R-DI, R-FP, and R-TD (provided that they were investigated) are presented in
comparison to that obtained for R-RE.

As may be inferred from Fig. 3.20, the surface states corresponding to contamina-
tion levels R-DI-2 and R-DI-3 within the R-DI scenario can be clearly detected and
differentiated from the surface state corresponding to R-RE. However, the surface
state of the sample with level R-DI-1 cannot be differentiated from that of the R-RE
sample with the OSEE settings applied.

As shown in Fig. 3.21, when applying the used OSEE settings, the average OSEE
intensities obtained for surfaces corresponding to the thermal degradation level R-
TD-1within the R-TD scenario cannot be clearly differentiated from the surface state
corresponding toR-RE.Moreover, the six samples corresponding to the surface states
R-TD-2 and R-TD-3 were not investigated by OSEE due to their visually perceivable
strong deformation.

Figure 3.22 presents the respectively obtained OSEE maps for the three samples
prepared following the R-FP scenario. For all three samples investigated, the OSEE
intensities measured around the centers of the samples were diminished compared
to the R-RE state. The lateral inhomogeneity within the OSEE maps of samples I-R-
OSEE-FP-1-3 and I-R-OSEE-FP-2-3 (corresponding to two different levels of expo-
sure within the R-FP scenario) is interpreted to result from the different spreading of
the fluid applied with the fingerprint since that application was performed centrally
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Fig. 3.20 Average OSEE intensities for the three samples within each sample set, R-DI-1, R-DI-
2, and R-DI-3, as part of the R-DI scenario, based on locally applied contaminations of different
degrees, achieved with an intentionally deposited potassium-containing de-icing fluid, compared to
the OSEE results of the R-RE scenario

Fig. 3.21 Average OSEE intensities for the three samples within the sample set R-TD-1 compared
to the OSEE results for the clean and freshly ground CFRP reference R-RE scenario. The three
samples within each of the sets R-TD-2 and R-TD-3, as part of the R-TD scenario, were not
investigated due to their visually perceivable strong deformation
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Fig. 3.22 Optically stimulated electron emission (OSEE) maps (15 × 15 pixels) for three samples
prepared following three different levels of contaminationwithin theR-FP scenario, based on locally
applied contaminations of different degrees, achieved by intentionally depositing Skydrol hydraulic
oil

within the OSEE mapping area using a fingerprint with the width of a human
thumbprint.

As shown in Fig. 3.23, all the surfaces corresponding to contamination levels
R-FP-1, R-FP-2, and R-FP-3 within the R-FP scenario can be clearly detected and
differentiated from the surface state corresponding toR-RE, evenwhen evaluating 7.5
cm × 7.5 cm wide areas, which exceed the area covered by the respective originally
applied fingerprint, which was originally the size of a human thumbprint.

Combined contaminations

Combined contaminations include the RA+FP scenario within the production user
case and theTD+DI scenariowithin the repair user case. In both cases,we investigated

Fig. 3.23 Average OSEE intensities for the three samples within each sample set, R-FP-1, R-FP-2,
and R-FP-3, as part of the R-FP scenario based on locally applied different contamination degrees,
achieved by intentionally depositing Skydrol hydraulic oil, compared to the OSEE results of the
clean CFRP reference R-RE scenario
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two levels of contamination in addition to the respective references.On the surfaces of
the P-RA+FP samples, we applied two distinct levels of release agent contamination
(RA) before the application of the salt-based fingerprint in the center of the sample
area. For theR-TD+DI samples, therewere two levels of de-icing fluid contamination
(DI) applied after the thermal degradation treatment (2 h in an oven at 220 °C).

As was shown in Sect. 2.1.2.2, samples contaminated following the P-RA
scenario showed much lower OSEE signals than the clean reference CFRP samples
prepared according to the P-RE scenario. The sample surface states comprising
combined contaminations show similar OSEE intensities to the sample prepared
within the P-RA-2 scenario; thus, these combined contamination levels can be clearly
differentiated from the surface state corresponding to P-RE.

Specifically, the OSEE maps obtained for the samples prepared following the
P-RA-1+FP3 (cf. Fig. 3.24) and P-RA-2+FP3 scenarios (cf. Fig. 3.25) reveal the
positionswhere the fingerprintswere applied since the respective regions showhigher
OSEE intensities than the surrounding surface regions.

Finally, within the considered repair user case, the OSEE results for surface states
corresponding to R-RE were compared with the OSEE results obtained for sample

Fig. 3.24 Optically stimulated electron emission (OSEE) maps (15 × 15 pixels) for the three
samples prepared following the P-RA-1+FP3 contamination scenario, measured with adjusted
OSEE settings. Presumably fingerprinted (FP) regions showing higher OSEE signals are marked
with dashed ellipses

Fig. 3.25 Optically stimulated electron emission (OSEE) maps (15 × 15 pixels) for the three
samples prepared following the P-RA-2+FP3 contamination scenario, measured with adjusted
OSEE settings. Presumably fingerprinted regions showing higher OSEE signals are marked with
dashed ellipses
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Fig. 3.26 Average OSEE intensities for the three CFRP coupon samples within each sample set
of the R-TD-1+DI-1 and R-TD-1+DI-2 combined contamination scenarios within the repair user
case; here compared to the OSEE results of the R-RE scenario

surfaces exhibiting combined contaminations following the R-TD-1+D-1 and R-
TD-1+DI-2 contamination scenarios. The respective average OSEE intensities are
compared in Fig. 3.26. The sample surface states with the combined contamina-
tions can be differentiated from the surface state corresponding to R-RE. Somewhat
remarkably, the surface states of samples within the R-TD-1+DI-1 scenario can
be differentiated from those of the R-RE samples, in contrast to samples prepared
following the R-DI-1 and R-TD-1 scenarios.

3.3.2.2 OSEE Results on Pilot Level Specimens

In the following, we present selected findings obtained when applying the available
OSEE technology for assessing the surface quality of CFRP pilot level specimens
from the production user case.

One key feature of the investigated pilot level specimens from the production user
case was the peel ply surface of a CFRP part. This peel ply surface resembles a closed
epoxy film that forms the outermost layer of the sample. For the OSEE technique to
work, it is necessary that the studied samples show at least some amount of electron
emission. However, probably due to the closed and electrically insulating terminal
epoxy film, we did not observe any significant electron emission. The closed polymer
film on top of subjacent carbon fiber layers appears to prohibit a measurable OSEE
signal. We tried several approaches with the aim of achieving measurable signals,
e.g., using the highest possible detector sensitivity setting and decreasing the distance
to the sample in order to increase the flow of the UV light and decrease the distance
for the electrons to travel. These changes have proved to be useful on other kinds of
material surfaces in the past; nevertheless, with the closed epoxy film on this type
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of CFRP part, no signal was observed. The samples from the production scenario
were therefore categorized as not measurable with the OSEE technique as long as
charging compensation was not facilitated.

3.3.2.3 Technological Advancements of the OSEE Method Toward
Industrial Automation

During the ComBoNDT research project, several enhancements were made to the
setup to implement the existing OSEE sensor in an industrial environment. A key
requirement for applying the OSEE technique when investigating specimens with
curved surfaces ismaintaining a constant height of the sensor (especially the essential
component, i.e., the electron collector in the sensor head) above the CFRP surface.
To achieve this, the OSEE sensor was adapted to be mounted on and used with an
industrial robot.

Specifically, the main work here was the construction of an adapter plate for
the mechanical connection of the OSEE sensor itself to the flange of a suitable
industrial robot. At the Fraunhofer IFAM site in Bremen, a KUKA KR 20 device
with a KUKAKRC4 control systemwas used. The flange with which such a robot is
equipped follows an international norm, which was taken into account when making
the layout for the holes on the robot side of the adapter plate. On the OSEE side
of the adapter plate, a simple clamping mechanism was chosen to hold the OSEE
sensor head in place. This clamping mechanism allowed easy access to the sensor
head for the maintenance or direct manipulation of the sensor head itself. It also
facilitated adjusting the height of the sensor compared to the sample surface in case
that this crucial parameter needed to be changed without making adjustments to the
programming and motor-driven positioning system running the robot itself.

The plate wasmade from aluminum, and all the necessary holes and cut-outs were
manufactured using a CNC-controlled milling machine. The clamping mechanism
was constructed in the same way as it was provided with the commercially available
OSEE sample positioning system in the lab to enable an easy exchangeability of the
used components. The resulting design of the OSEE sensor head connected to the
industrial robot is shown in Fig. 3.27.

To ensure that the adapter plate worked correctly in terms of mechanical stability,
several tests were performed. These examinations included test runs with different
speed settings for the robotmotion aswell as different acceleration and brake settings.
Not only was the mechanical stability of the mounted head itself checked every time,
but also the repeatability of the motion performed by the robot was assessed. For
these tests, extensive adjustments were made to the used programming within the
KUKAKRC4 control system. These tests also ensured that the solutions established
for the cable connections to the sensor head in terms of electrical power and sensor
data worked as expected.

As described above, one key element of the OSEE technique is the need to ensure
a constant distance between the measuring head and the sample. To achieve this
goal, it was considered important to have a verification mechanism to constantly
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Fig. 3.27 OSEE sensor headmounted to a KUKAKR20 standard industrial robot for test measure-
ments on the CFRP pilot samples to be investigated in the ComBoNDT research project at the
technical center at Fraunhofer IFAM in Bremen; bottom: A more detailed image of the clamping
mechanism holding the sensor head in place

check this parameter and provide feedback to a control unit. Therefore, some further
enhancements in terms of manipulating the OSEE head were made by incorporating
a distance sensor into the measuring setup. For this purpose, a laser line scanner was
used. This sensor device was mounted close to the OSEE measuring head with the
laser line being projected directly onto the spot that was illuminated by the UV light
of the OSEE sensor and from which the OSEE captured the emitted electrons for the
photocurrent measurements. This enabled safeguarding of the constant evaluation of
the distance between the OSEE sensor and the sample. The laser line scanner can
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Fig. 3.28 Setup comprising a laser-based distance sensor for use in conjunction with the OSEE
sensor head and an industrial robot; a laser line scanner (on the left) is attached to the manipulator
that holds the OSEE measuring head in such a way that the setup enables constant checking of the
distance between the sensor and the sample and the measuring of the optically stimulated electron
emission at a constant distance between the sensor and the CFRP surface

also be connected to the programmable logic controller (PLC, henceforth referred to
as SPS), which pilots the whole measuring process, as displayed in Fig. 3.28.

With these modifications, the precision of the robot motion was all that limited the
areas accessible for the scheduled use of the OSEE device as an ENDT technique.
As long as it is possible to follow the surface geometry of a part with a constant
distance, the OSEE facilitates the inspection of large surfaces at a high speed.

3.3.3 Performance in Inline Surface Quality Assurance

In this section,we summarize the findings highlighting the performance of theOSEE-
based ENDT technique for the surface quality assessment of CFRP specimens in
distinct user cases.

In a first and trendsetting approach within the ComBoNDT research project, we
technologically advanced OSEE and successfully applied this ENDT technique to
map CFRP test coupons prepared by intentionally depositing distinct contaminants
within several contamination scenarios, among them scenarios comprising combina-
tions of contaminations that might have adverse (and, thus, possibly compensatory)
effects on the OSEE signal. Specifically, the reference (RE) states of the production
(P-RE) and repair (R-RE) user cases were clearly differentiated from each other, and
the suitability of using OSEE to assess the results and reproducibility of a CFRP
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surface grinding process was indicated. When investigating samples from produc-
tion scenarios, we applied adjusted OSEE settings that differed from the ones applied
for samples from the contamination scenarios of the considered repair use case. In a
nutshell, when comparing the sample surface states obtainedwithin different contam-
ination scenarios of the production user case with the ones prepared following the P-
REscenario,OSEEenabled all sample sets from theP-RA,P-MO, andP-FP scenarios
as well as the sets with combined contaminations (P-RA-1+FP3 and P-RA-2+FP3)
to be differentiated from P-RE. Moreover, within the contamination scenarios of the
repair user case, OSEE enabled all sample sets from the R-FP scenarios, most of the
samples from the R-DI scenarios (namely those with higher levels of contamination
than R-DI-1) as well as sets with combined contaminations (R-TD-1+DI-1 and the
scenario R-TD-1+DI-2) to be differentiated from R-RE. However, the surface states
of the samples from the R-TD scenarios and samples of the R-DI-1 scenario were
not differentiated from those of the R-RE samples. Clearly, if the adhesive joints
manufactured based on these adherend surfaces showed inferior mechanical prop-
erties compared to joints prepared following the R-RE scenario, then these findings
would stand in opposition to recommending OSEE as the ENDT method of choice
in this user case. Finally, when referring to the lateral homogeneity of the CFRP
test coupons, OSEE indicated several peculiarities: The inhomogeneous grinding
of one coupon sample from the repair scenario, the spreading of fingerprinted fluid
within the R-FP scenarios, and the position of fingerprints within samples exposed
to combined contaminations in the P-RA-1+FP3 and P-RA-2+FP3 scenarios.

Aiming at assessing the surface quality of the pilot level CFRP specimens, we
further improved the OSEE technique to permit its use in an industrial environment
by incorporating a laser line scanner in the measuring setup to precisely control
the distance between the sensor and the studied sample, which might have a more
complex shape than a flat sheet. Concerning the investigations conducted on the
pilot samples from the production user cases, the OSEE method encountered some
severe limiting challenges concerning its use as ameasuring system for these kinds of
samples. In the case of the pilot samples of the production user case, the closed epoxy
film of the peel ply surface prevented ameasurableOSEE signal from being obtained.
ENDTprocedures usingOSEE as ameasurement technique evaluate relative changes
to a given reference signal, e.g., the one characteristic of a clean CFRP surface.
Therefore, the procedure was not suitable for assessing the surface quality of the pilot
samples of the production user case as the surfaces of the reference substrate did not
provide a sufficient signal strength. In our opinion, the encountered challenges, in the
form they are presented here, do not appear to be unsolvable if further development
is invested in a more customized embedding of the powerful OSEE technique in
a setup that enables the elevated positive charging of electrically non-conductive
analyte surfaces to be counteracted.

Moreover, we achieved an integration of the OSEE technology in inline appli-
cations, e.g., a robot-aided approach, without fundamental constraints. We present
an approach to assembling the OSEE sensing technique in a setup that provides
further information on the geometrical constellation of the measurement situation.
We suggest that a real-time height adjustment and an improved method of signal



3 Extended Non-destructive Testing for Surface … 147

detection facilitating an automated adjustment of the signal range could provide new
ways to use this technique, even on materials that present the challenges observed
during the ComBoNDT project. Within the project, it was not possible to implement
these improvements. However, as techniques to change the sensitivity of analog–
digital converters becomemore andmore available, these challenges could be tackled
in a future project.

We would like to underline that OSEE is a highly sensitive inspection method
that allows the detection of even very low levels of contamination [1]. Often, a
monolayer of a contaminant on an otherwise well-emitting material can be safely
detected, as was demonstrated here, e.g., in the case of release agent deposits that
we diagnosed using x-ray photoelectron spectroscopy. Nevertheless, establishing
OSEE-based ENDT procedures may encounter difficulties with some of the tech-
nical surfaces found in industrial applications that, for example, rely on manually
performed abrasive surface pretreatment. Such technical surfaces, which are often
laterally inhomogeneous in their surface composition or surface conditions, show
a considerable variance in their OSEE signal. This may make it difficult to locally
differentiate between contaminations and substrate effects. In other words, assessing
merely the feature of optically stimulated electron emissivity does not enable the iden-
tification of the substantial source of signal variations and provides a signal contrast
that is not sufficiently specific to assess analytical challenges, such as the material-
related identification of (mixed) contaminants or the essential elements thereof. We
estimate that these challenges can be compensated for to a certain level usingmodern
data analysis methods for such applications that benefit from the high sensitivity of
the OSEE technique.

3.4 Electronic Nose

In this section, we introduce the electronic nose technique, highlighting two distinct
instruments serving as ENDT tools for surface quality assessment and detailing
how their performance was enhanced in the ComBoNDT research project for
the in-process monitoring of CFRP adherends representative of close to potential
aeronautical user cases.

3.4.1 Principle and Instrumentation

Electronic noses (e-noses) are chemical multi-sensor devices, based primarily on
microsensors, which are capable of conducting low-cost analyses of complex gas
mixtures through chemical fingerprinting. Coupling an array of chemical sensors to
pattern recognition algorithms is an idea dating back to the 1980s and began signif-
icant development during the 1990s. Due to low overall costs in terms of purchase,
operation, and maintenance as well as interesting research results, they looked—and
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still look—very promising and appealing for the development of industrial-grade
ENDTs [9]. A significant number of commercial platforms have been available since
2000 for the comprehensive detection of components in mixtures as well as identifi-
cation and/or quantification in medical diagnostics, environmental monitoring, and
the food industry [10]. Despite some success stories, increasing the application of
this technology to a wider range of industrial scenarios and user cases is currently
obstructed by technological limitations [11]. Apart from the well-known specificity
and sensibility issues that affect single sensors, the variability of fabrication outcomes
severely hampers the use of a shared calibration function for e-noses. Thus, ad hoc
calibration procedures need to be implemented for each individual e-nose device.
The development of calibration transfer strategies could help overcome these limi-
tations but, currently, there are no definitive results [12, 13]. Drift effects (mostly
due to aging and poisoning) in sensor devices as well as environmental parameters
have affected the mass adoption of e-noses in the high-value production industry
because they jeopardize operative requirements. Presently, most research contribu-
tions in advancing e-noses still target the headspace analysis of liquid/solid samples
in controlled environments, which may amount to underestimating the challenges
of on-field applicative scenarios. From the point of view of today’s user, we would
like to highlight that on the one hand, specific requirements such as high reliability,
fast response, and the possibility to be operated by a chemically non-expert work-
force can be, in principle, met by up-to-date e-nose platforms. On the other hand,
some instrumental operative requirements, including the need for operation in uncon-
trolled or even harsh environments [14], may still prove very challenging due to the
abovementioned lags and issues.

Conversely, and from a prospective point of view, we observe that along with
the requests for novel integrated health monitoring systems, the need for new NDT
technologies that should be capable of coping with the new challenges brought by the
lightweight aircraft industry is steadily growing [15, 16]. The adoption of lightweight
composite materials like CFRP for primary structural components is a major trend-
setting milestone and may contribute to a significant reduction of per-mile-passenger
transportation costs. It is estimated that this could allow for a dramatic increase in
cost efficiency for ground operations (up to 50%), a reduction in fuel usage (up to
20%), and consequently, a CO2 emission rate reduction at the fleet level of up to 15%
[2]. CFRP parts are assembled and joined by adhesive bonding, a critical and special
process that requires the adherendpanel surfaces to have a highgrade of cleanliness. If
not, the mechanical properties of the assembly itself could be severely compromised,
leading to a high risk of potential structural failure [17]. Surface contamination can
be caused by various processes that occur during the assembly or operative life of
CFRP panels. Adherends with improperly removed deposits of contaminants, such
as hydraulic oil or de-icing fluid, may come in contact with a CFRP surface during
aircraft operation, while the release agents used in CFRP molding processes during
composite production can severely affect the mechanical properties of a resulting
adhesively bonded joint. Such deposits may produce chemical damage to the surface
or create a physical screen to the adhesion,while the thermal degradation of theCFRP
adherend surface can affect the adhesion properties of the panel, thus compromising
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the mechanical strength of the bond. Several authors have measured the mechanical
parameters of adhesive bonds based on contaminated CFRP panels (e.g., [18]). In
particular, Tserpes et al. showed a reduction in the fracture toughness (GIC) in excess
of 25% for Skydrol®500-B contamination and of more than 60% for significant
release agent contamination [19]. Specifically, a 7% silicon-containing substance
(calculated as at.% based on XPS investigations) remaining on the surface after
demolding can lead to a total lack of adhesion [20].

Bearing in mind these production–technological challenges and the instrumental
current state of the art, we anticipate that customized e-noses may represent a suit-
able technology that can contribute to addressing the lack of a verified procedure
for assessing bond quality, which has ultimately been slowing down the adoption
of CFRP for primary structures. ENEA and Airbus, both partners in the H2020
ComBoNDTresearch project [2], have been and continue to be focusedondeveloping
e-nose ENDT solutions for surface cleanliness checks to be applied in composite
pre-bond quality assurance. In the ComBoNDT project, this endeavor required the
design of ad hoc sampling and measurement subsystems, the careful selection of an
ad hoc sensor array as well as the design of proper machine learning algorithms to
cope with the requirements of this safety-critical application field. The subsequently
reported work accounts for the in-project development process, which aimed to
reach and demonstrate a high TRL for the use of the e-nose as a detector of surface
contaminations before bonding.

3.4.1.1 Generic E-nose Architecture Considering CFRP
Contamination Scenarios

The basic idea underlying any e-nose design is a close coupling between an array
of chemical sensors and a pattern recognition system. The latter can be focused
on detection, classification, or quantification [21, 22]. The sensor array is usually
designed to focus on broad sensitivity and diversity in order to augment the chemical
fingerprinting capabilities. Metal oxide (MOX) sensors, polymeric sensors, and elec-
trochemical sensors, often combined with photoionization detectors (PID) and/or ion
mobility spectrometers (IMS), have been widely employed in e-nose devices. Hybrid
arrays are also found in the literature, always with the aim of enhancing the diversity
of potential applications and user cases.

In more detail, MOX sensors are chemiresistors, i.e., their electric resistance
changes as a consequence of their interacting with the environment in which they are
deployed. These sensors and their signals are non-specific since they are responsive
to a wide variety of volatile organic compounds (VOCs) and environmental condi-
tions (e.g., humidity). Their signal dynamics and sensing window are perhaps the
largest in the gas sensor realm, and they are cheap and easy to integrate on electronic
boards. On the other hand, the signal stability and response repeatability are the
principal drawbacks for this family of gas sensors. An array of MOX sensors can be
successfully implemented in a closed chamber of an e-nose, working in a “differ-
ential mode” to overcome the limited repeatability and poor signal stability. In this
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so-called differential mode, sensors are exposed to filtered air before and after being
exposed to the air analyte sampling. Features linked to the signal variation, which
occurs when the sensor resistance is disturbed by an odor sample, can represent a
repeatable odor pattern. A sensor equipped with PID can be considered as a VOC
exposure meter. This detector is based on the photoionization of a gas by means of
an UV lamp, and it can detect VOC particles ranging from sub-ppm to thousands of
ppm. PID-based sensors cannot discriminate VOC species; they only account instan-
taneously for the species photo-ionized in the excitation process overall. In this way,
they can be useful in understanding the integral level of the odor exposure on the
e-nose sensor array.

Similar to a nose in the biological sense, the structure and flow conditions in
the pneumatic section of an e-nose are of paramount importance in co-determining
its final performance. Forced flow is usually adopted in benchtop scale solutions,
while open sensing is generally adopted in battery-operated, long-term deployments
of smart multi-sensor systems. In the first case, especially in benchtop devices, the
sensor array is first exposed to pure synthetic or filtered air in order to assess the
baseline results. Sensor baseline generation under clean air conditions is a vital
aspect of e-nose performance, and a new technique of sensor baseline estimation
without the need for an external gas supply is also available [23].

Following e-nose data acquisition, pattern recognition subsystems are employed,
which are primarily designed to provide classification capabilities. Both supervised
and unsupervised pattern recognition designs have been widely explored. Among
the plethora of different supervised designs, k-nearest neighbors algorithms (k-NN),
support vector machine (SVM), neural networks, and partial least squares discrimi-
nant analysis (PLS-DA) systems are themost commonly adopted.Whilemost of these
approaches are strongly non-linear and aim at modeling significant non-linearities
found in the multivariate sensor models, PLS-DA combines a linear transformation
to reduce the number of evaluated dimensions with the discrimination capabilities
of Fisher discriminant analysis. Dimensionality reduction is also usually tackled
by principal component analysis (PCA), resorting to the first principal components.
Recently, this approach has been reported less often, essentially because discriminant
characteristics may be embedded in relatively low variance components.

Indeed, for the design of the e-nose pattern recognition subsystem, feature extrac-
tion and selection comprise one of the most important steps. Designing appropriate
features and selecting the most informative combination is in fact one of the main
performance drivers. Steady-state responses, when appropriately normalized for the
reduction of baseline drift issues, can be sufficient for obtaining a discriminant finger-
print for several analytes and mixtures. However, most of the time-dynamic features
based on the sensor response during exposure, presentation, and flushing transients
are essential for obtaining an adequate classification performance [24, 25]. With
respect to ongoing developments, we may state that quantification issues and prob-
lems are primarily tackled using non-linear approaches exploiting the regression
capabilities of neural networks, support vector machines, and Gaussian processes
as well as other data-driven approaches. Recently, the analysis of dynamic behavior
has attracted interest also for quantification problems, exploiting a model that can
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Table 3.1 Graded
concentration ranges of
contaminants intentionally
applied to CFRP reference
(RE, for production or repair)
substrates as identified and
defined by partners of the
ComBoNDT research project
for aeronautical user cases in
a way that yielded a loss of
bond strength of up to 30% of
the initial strength

Contamination
scenario

Contaminant Concentration
ranges

Production Release agent (RA) 3–8% (Si at.%)a

Moisture (MO) 0.4–1.4% (mass
uptake)

Fingerprint (FP) 0.2–0.7% (Na
at.%)a

Repair De-icer (DI) 6–12% (K at.%)a

Hydraulic fluid
(FP)

<0.5 g/m2

aAtomic surface concentrations (in at.%) for the listed specieswere
measured by XPS analysis

take into account the intrinsic dynamic behavior of the sensor response toward target
gases and non-target interfering substances.

In the specific framework of the quality assessment of CFRP structures through
ENDTmethods focusing on surface cleanliness, the essential steps were determining
and listing the chemical targets to be considered. Within the contemplated aeronau-
tical user cases, this basic requirement was identified and defined by partners of
the European Union (EU) ComBoNDT research project, a consortium that includes
Airbus, the main EU aerospace industry stakeholder. This list is based on production
or repair user cases and comprises hydraulic fluid, water (humidity), fingerprints
applied unconsciously and locally by workers, release agents, and de-icing fluid, and
is further complemented by thermal impacts and even damages. More details about
this topic can be found in Chap. 2. The contamination scenarios are then divided
according to the specific workplace at which the contamination can occur, namely
within production or repair areas.

The interaction of these chemically nameable substances with CFRP structures
can undermine the composite adherends at different levels, eventually affecting the
mechanical strength of the adhesive bond between CFRP panels. Specifically, release
agents are silicon(and siloxane)-based formulations used during the molding and
demolding process of composite panels, and they can penetrate up to hundreds of
nm into the CFRP panel matrix. Another source of the potential weakening of adhe-
sive bonds stems from the presence of sodium chloride residue left by occasional
fingerprints. Therefore, a fingerprint simulant prepared according to DIN ISO 9022-
12, containing sodium chloride, urea, ammonium chloride, lactic acid, acetic acid,
pyruvic acid, and butyric acid in demineralized water was added to the contaminant
list. Additionally, the hydraulic fluid considered in this study was a fire-resistant
phosphate ester-based liquid that, under certain conditions, can release phosphoric
acid and alcohols. Finally, the considered de-icing fluid was a potassium formate-
based formulation involved in runway or aircraft de-icing. Moisture exposure of
CFRP parts as well as thermal impact and damages (TD) were also investigated.
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Different contamination levels (as detailed in Table 3.1) were determined in a way
that yielded a loss of bond strength of up to 30% of the initial strength (with respect
to using two reference specimens, called RE, as adherends).

In addition to the flat coupon level samples (see Chap. 2) that had undergone these
intentional contaminationprocedures comprising individual contaminants, according
to the high TRL required for the measurement techniques, we also tested two e-nose
setups against CFRP samples that hadmixtures of two different contaminants applied
to them. In particular, we investigated CFRP panels contaminatedwith a combination
of release agent and (artificial sweat) fingerprints for the production user case (P-
RA-FP) and thermally impacted panels that had additionally been contaminated by
an application of de-icing fluid within the repair user case (R-TD-DI).

Additionally, user cases based on curved pilot level CFRP samples in which
contamination was applied on both convex and concave surfaces were assessed by
e-nose inspection. Finally, the e-nose systems were tested for the monitoring of
realistic parts as part of joint tests oriented toward TRL assessment (defined within
ComBoNDT).

3.4.1.2 Details of the ENEA E-nose

During the ComBoNDT project, the consortium partner ENEA continuously devel-
oped its e-nose approach featuring two main successive versions aimed at handling
the increasingly high demands of the project’s contamination scenarios, starting from
planar coupons and reaching the realistic parts level. A description of these two main
versions is given here.

The first version, the ENEA e-nose ver.1 (SNIFFI, [26]), is a closed-chamber gas
sensing system. It is equipped with a chamber containing the sensor array, into which
the air analyte sample enters by means of an air pump. Figure 3.29 shows the main
components and functional connections of the ENEA e-nose ver.1.

The embedded architecture is organized in different layers, each one requiring
different expertise, as shown in Fig. 3.30.

The sensor array is based on six four-pin slots that can host up to six heated
chemo-resistive commercial sensors. During the ComBoNDT project, three couples
of MOX Figaro Sensor family (Tgs2600, Tgs2602, and Tgs2620) were used. This
commercial sensor array can be completed with up to six prototype sensing films
using plug-and-play USB-like transducers that have been specifically designed to
be mounted on a custom sensor board, as shown in Fig. 3.31. In particular, ENEA
developed the graphene chemo-resistive devices chosen to complete the array. The
features characterizing the environmental status and total VOC contamination of
the chamber volume are measured by means of temperature and humidity sensors
(Sensirion SHT75) and a PID, i.e., a photoionization detector (PID-AH, AlphaSense
Inc.). The sensor chamber is built using a Teflon polymer to ensure a base sensor
board with good electrical insulation as well as an aluminum cover to ensure good
heat dissipation, see Fig. 3.31.
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Fig. 3.29 Functional block diagram of the system representing the ENEA e-nose version ver.1
developed in the ComBoNDT research project for CFRP surface quality assessment

Fig. 3.30 Embedded
layer-wise architecture of the
ENEA e-nose ver.1 system

The ENEA e-nose ver.1 has two operatingmodes, allowing for switching between
two different inlets to perform different application-oriented sampling tasks (as
detailed in the block diagrams in Figs. 3.29 and 3.32):

• A front inlet for the air sampling of odors coming from a headspace (e.g., a bottle,
an air sampler bag) (see the photograph in Fig. 3.33).
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Fig. 3.31 Sensor chamber on the sensor board of the ENEA e-nose ver.1 system; left image: open
state with the 12 chemiresistors, photoionization detector (PID) and temperature (T) and humidity
(RH) sensors; right image: closed state

Fig. 3.32 Block design of the ENEA e-nose ver.1 system

• A bottom inlet, heated by a 20 W halogen lamp, to perform analysis focusing on
surface contamination (see the image in Fig. 3.33).

Finally, this e-nose has a line of purified air that is used to conduct cleaning phases,
maintain the gas sensors in a stable steady state, and properly dilute sampled air.

A high-level logic control layer based on low-cost open-source hardware drives
the actuators and the sensor conditioning board. The graphic user interface (GUI)
(based on a web server) allows the following operations to be performed: creation,
saving, and recalling ofmeasurement recipes;monitoring of sensors’ real-time status’
wireless Wi-Fi access; and transmission of the sensor log. The repeatability of the
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Fig. 3.33 Air inlets of the ENEA e-nose ver.1; on the left: a front inlet for headspace analysis
(bottle or sampler bag); on the right: a bottom inlet and a spotlight halogen lamp to analyze surface
contamination

sampling analysis is guaranteed by automated measurement cycles. A standard cycle
can be repeated many times and is divided into four phases, the duration of which
can be set by the user, as presented in Fig. 3.34.

We further developed the e-nose prototype (ver.1) described thus far to match
the higher TRL targets foreseen by the ComBoNDT project objectives. Based on
the analysis of the preliminary results for the CFRP coupon samples, we deemed
it necessary to improve several aspects, in particular the sampling operating mode.

Fig. 3.34 Outline of a single generalized measurement cycle of the ENEA e-nose ver.1

Fig. 3.35 Block design of the advanced e-nose prototype, ENEA e-nose ver.2 [27]
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Fig. 3.36 Functional block diagram of the advanced e-nose prototype, ENEA e-nose ver.2

Figures 3.35 [27] and 3.36 present the design of the resulting second version, the
e-nose prototype ver.2.

Aiming to analyze CFRP surface contamination without external interference, we
first designed a new sampling head that allows the sampling area to be isolated from
the outside, as detailed in Fig. 3.37. In this “sealed” sampling area, a flow of clean
reference air is directed toward the sample surface while irradiation from an infrared
emitter stimulates the desorption of the analytes from the investigated surface. The
air sample is then pumped toward the sensor chamber. We paid special attention to
the cleaning phase of the sampling chain. To improve the desorption capabilities, a
50Whalogen lampwas used in this new device. In addition, a sampling head suitable
for curved samples was designed and realized. The sensor chamber and sensor array
design were essentially unchanged, whereas the control actuator drive and sensor
conditioning board were modified according to the new setup of the sampling head.
The control actuators also offer the possibility of driving a remote sampling head.



3 Extended Non-destructive Testing for Surface … 157

Fig. 3.37 Details of the advanced ENEA e-nose ver.2 prototype showing an open view of the sensor
chamber, the GUI of the control system, details of the sampling head and the probe head, and a plot
with an exemplary sensor signal outputs

3.4.1.3 Details of the Airbus E-nose and Desorber Device

Unlike the ENEA e-nose system, the Airbus approach relies on a custom-made e-
nose in combination with an optimized sample-taking apparatus. The core part of
this system is shown in Fig. 3.38 and consists of a ruggedized version of a multi-
purpose e-nose marketed by the AIRSENSE Analytics company under the name

Fig. 3.38 Portable e-nose
from AIRSENSE Analytics
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Fig. 3.39 E-nose system and desorber device—image of the assembly (20′′ rack) in the laboratory

PEN (Portable Electronic Nose) [28]. This system contains an array of ten different
MOX gas sensors. All sensors are operated according to their specific supplier
recommendations.

The systemwas retrofittedwith temperature sensors and ahumidity sensor andwas
integrated into a mobile rack. Some further ruggedization was necessary to enable
shop floor compatibility. To equip this multi-purpose core system for its intended
use of contamination detection, it was fitted with an external sampling head called a
“desorber device” (see Fig. 3.39) invented by Airbus and advanced to TRL six during
the ComBoNDT project.

The integrated desorber system features a fully automated measurement process.
In principle, the same procedure as that used for the ENEA system and depicted in
Fig. 3.34 may be used. The system controls all relevant measurement parameters
automatically, and the status of the system is displayed on a liquid-crystal display
(LCD). The desorber system controls the sample heating and operates the humidity
sensors and the pyrometer, which were integrated into the desorber device sampling
head presented in Fig. 3.39.

To take the step from the laboratory to shop floor conditions, we conducted inves-
tigations to replace the synthetic air cylinders as a zero-gas supply. The system had
to be adapted to work with oil-free compressed air, which is easily available on the
production floor. Hereby, a particle filter, charcoal filter, and hydrocarbon oxidizer
were deemed necessary to ensure sufficient clean air quality.
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3.4.2 E-nose Methodology

In this section, we first detail the experimental methodology for assessing e-nose
data as well as the pattern recognition technique. Finally, we present the obtained
results for the CFRP specimens from the distinct user cases, according to their shape
and the respectively considered contamination scenarios.

3.4.2.1 Experimental Methodology

The ENEA e-nose ver.1 was used to conduct measurements on CFRP surfaces by
means of two different methods. The first was the standard measurement method,
named the “0method”, whichmakes use of only the IR irradiation of the sample. The
second one, named the “PCmethod”, enhances the extraction of volatiles by treating
the surface with a suitable low-boiling solvent. The process involves first spraying a
few milliliters of ethanol over the surface of the sample with an airbrush and soon
thereafter performing the e-nose measurement. The adoption of the PC method was
motivated by the need to improve the desorption of the volatiles. In principle, this
treatment also enables differentiation between different surfaces and surface states,
also on the basis of their capability to retain and desorb the solvent (e.g., ethanol)
as a function of the surface contamination. The measurements carried out with the
advanced ENEA e-nose ver.2 were accomplished using only the standard method
described above. For all measurements, the time exposure to the IR emitter was tuned
to heat theCFRP to a temperature above 120 °C (but below150 °C to avoid permanent
CFRPdamage). To ensure the repeatability of the results, ameasurement strategywas
adopted, which was mainly intended to avoid the presence of residual contamination
inside the sample line after the sensing phase. To this end, a blank sample was
analyzed periodically (at least once per hour), which also allowed the repeatability
of the sensing responses to be verified. A cleaning procedure was implemented to
prevent residual contamination in the sampling line.

To control and perform the right measurements, an assessment of the data is
necessary to visualize the output sensors’ features describing the odor pattern of
the sample immediately after a measurement cycle. This offers the possibility to
rapidly compare measurements and thus to understand if the results are reliable or
if a cleaning phase of the system or a change in the measurement cycle parameters
is necessary. Solid-state sensors can show a certain tendency to signal drift, and this
could jeopardize the comparison among different samples. To overcome this issue,
we processed the raw sensing responses to extract parameters that could be used to
compare different samples. Essentially, each sensing response R was normalized to
its own baseline R0, and the percentage of the relative response Rsp was calculated
as follows:

Rsp = max|R − R0|
R0
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Subsequently, a signal differential was performed (always relative to the baseline
value) and the maximum was calculated. This is the same as having calculated the
rate of the sensing responses and the maximum rate of the response itself. In our
experience, these parameters are less affected by sensor drift and saturation, although
they contain the same discrimination features of the sensor response [29]. Finally, a
simple comparisonwas performed by calculating the ratios of themaximum response
rate of each sensor with respect to that of the fastest sensor.

As a result of this signal elaboration, after the measurement cycle, the operator
can see the entire sensor performance, as shown in Fig. 3.40, see Fig. 3.41.

The presented histogram gives an overview of how the individual sensors react to
the analyzed odor. The red bars represent the adsorbing phase, while the blue ones

Fig. 3.40 Underside view of the desorber device sampling head. Excitation and heating are possible
via infrared (IR) irradiation or ultraviolet light-emitting diodes (UV LEDs)

Fig. 3.41 The e-nose sensor response rate and an odormapobtained during ameasurement cycle; on
the left: a histogram of the sensor reaction to the odor during the adsorbing phase (red) and desorbing
phase (blue); on the right: a contour map of the sensor signal distortion during a measurement cycle
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refer to the desorbing phase. Moreover, a contour map is shown, which is useful for
the e-nose technical specialist to understand if there are anomalies in themeasurement
cycle and if the recorded sensor signal distortion is well suited to the odor pattern.
Signal distortions can be related to changes in odor intensity or abnormalities due
to imperfect air filtering, or they can be ascribed to an odor fingerprint. The map
then represents the differences between the signal shape of each individual sensor
and that of the others. The map is divided into areas. The C (labeled C1 and C2)
areas depict the sensor behavior earlier on, during the baseline phase in filtered air;
an optimal behavior is the lowest distortion (light blue color). Areas labeled with
A (or Ar) and D (or Dr) display the signal distortion intensity in the adsorbing
and desorbing phase, respectively. Performing such feature visualization allows an
experienced specialist to validate measurements and helps to prevent an applied
pattern recognition technique from being confused by bad measurements. We would
like to stress that this approach is completely modular and can be easily adapted to
any sensor array.

Pattern Recognition Technique

Before actually tackling the pattern recognition task, the feature extraction process
took place based on the measured e-nose data. From each sensor signal, five features
were computed. The first three are specifically computed by averaging sensor
response value through a specified time range. The obtained value then underwent
a baseline normalization procedure being divided by the average sensor response
recorded during the baseline acquisition time.

In Table 3.2, we present the computed feature array, including the steady-state
and dynamic features. After the feature extraction, the data were normalized on a
per column (sensor) basis to zero mean and unitary variance. We would like to high-
light that several algorithms were implemented in order to select relevant features,
including linear discriminant analysis, an entropy-based procedure (tree classifier),
and a feature ranking algorithm based on K-nearest neighbors (relief -f ).

Table 3.2 Description of the extracted features; the first five are computed for each of the seven
e-nose sensors and the last two are from included temperature and humidity sensors

# Feature Description Computation time range (s)

Feature 1 Steady-state response (wrt averaged baseline) [150, 180]

Feature 2 Steady-state response—IR Off (wrt averaged baseline) [181, 200]

Feature 3 Desorption status (wrt averaged baseline) [250, 300]

Feature 4 Uptake derivative [60, 120]

Feature 5 Desorption derivative [210, 250]

Feature 6 Temperature [0, 330]

Feature 7 Relative humidity (RH) [0, 330]
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With the subsequently detailed e-nose data obtained for CFRP specimens, prelim-
inary data analysis was performed using principal component analysis (PCA) to
further reduce dimensionality and extract most of the signal’s variance. The centers
of the clusters, computed as the mean of the scores related to each class, were high-
lighted as well as their standard deviation (1-sigma) ellipses. This representation
aimed to show a preliminary qualitative evaluation of the (inner and outer) variance
distribution for contamination classes through cluster localization and spatialization.
Furthermore, PCA was used as an anomaly detection method by relying on the first
PC projections extracted from a distribution obtained for reference samples. In this
way, a threshold level was set, delimiting a 2-sigma coverage on the supposed multi-
variate Gaussian distribution of the reference samples. Each sample whose repre-
sentation fell outside this limiting border was detected as a contaminated sample. In
some cases, more powerful pattern recognition schemes were implemented to cope
with the subtleties of the different tasks. Details are given in the following sections.
Finally, shallow neural networks were used, instead, for regression tasks aimed at
estimating the level of contamination.

3.4.2.2 E-nose Results on Coupon Level Samples

In the following, we detail the findings achieved using the Airbus and ENEA e-nose
setups and related procedures for flat CFRP coupon level samples in the ComBoNDT
research project.

Airbus E-nose Setup

The received CFRP samples were measured in a random order using the device setup
described above. Before starting a detailed multivariate data evaluation, the gathered
raw data were normalized using a mean center function around zero followed by a
scaling of the variables to their unit standard deviations. With this normalized data
matrix, a PCA was done, and a PLS-DA was performed for classification purposes.

Figure 3.42 provides an insight into the PLS-DA results obtained when investi-
gating intentionally contaminated CFRP coupons using the Airbus e-nose setup. On
the 2D score plot of the latent variables (LV) LV1 and LV2, three different clusters of
findings can be identified from the e-nose measurements. Dark blue rectangles form
the cluster of the reference sample measurements (RE). In the second cluster, pink
stars belong to samples that have been contaminated with de-icing fluid and the light
blue triangles represent the combined repair samples (R-Combi). All other performed
measurements form a third cluster on the 2D view. The respective abbreviations for
the contamination scenarios were already introduced in Table 3.1.

By turning to a 3D analysis by adding the third latent variable (LV3), discrim-
ination concerning the third cluster of measurements becomes feasible. When we
investigated for even higher numbers of latent variables (LV4 and LV5), improved
separation of the production scenario samples occurred (results not shown here).



3 Extended Non-destructive Testing for Surface … 163

Fig. 3.42 LV1/2 score plot of the e-nose measurements for flat CFRP coupon level samples. Scores
based on features from distinct contamination scenarios are color-coded; details are given in the
text

After the multivariate data analysis of the obtained measurement data, we offer
the following summing up statements for the ENDT investigations of CFRP coupons
using the Airbus e-nose setup:

• Clean reference samples (RE) and samples contaminated with de-icing fluid (DI)
cluster in their own quadrant in the LV1 versus LV2 score plot and can be easily
and clearly identified.

• By evaluating LV3, thermally damaged samples (TD) and repair scenario
fingerprint samples (R-FP) can be separated and identified.

• Spatial separation of release agent (RA) samples and productionfingerprint (P-FP)
samples is possible, but the degree of separation is rather low (LV4, LV5).

• The “clean sample or dirty sample” decision (that is, related to the “sample
ready to bond or not ready bond” decision) can be made for all the investigated
contaminations.
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3.4.2.3 ENEA E-nose Setup

Before detailing thefindings obtainedwith theENEAe-nose for theENDT inspection
of CFRP coupon level samples, we report in Table 3.3 the number of panels and
corresponding features (37) sampled in the frame of the production user case by
means of two different sampling methods.

Concerning the fingerprint (FP), moisture (MO), and release agent (RA) contam-
ination scenarios within the production use case, the results presented in Fig. 3.43
which were obtained with the 0 method for the sampling of analytes did not reveal
the capability to distinguish between reference and contaminated samples, at least
in the considered PCA subspace.

Based on these preliminary results, we decided not to go further in the investiga-
tions of CFRP specimens from the production use case but instead focused on coupon
panels from the defined repair user case to test the performance of e-nose ver.1. In

Table 3.3 Number of sample measurements with the CFRP coupon sample-based production use
case for both the applied e-nose sampling methods; more details are given in the text

Production use case

0 method 25

PC method 44

Fig. 3.43 E-nose findings when performing PCA on the 0 method sampled coupon level CFRP
panels
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Table 3.4 Number of sample measurements with the CFRP coupon sample based on the repair
use case; more details are given in the text

Repair use case

0 method 25

PC method 41

Table 3.4, we present the number of samples taken for the analysis of specimens
from the repair user case.

Assuming a two-class classification problem (FP/Skydrol versus ALL), we
performed a preliminary data analysis using PCA so as to highlight the capabili-
ties of the e-nose ver.1 to discriminate fingerprint/Skydrol hydraulic oil contamina-
tion at each contamination level from any other contaminated and reference CFRP
samples. In this way, both sampling methods showed a limited capability to discrim-
inate FP/Skydrol contaminated samples from the others in the PCA subspace. Mean-
while, the PC sampling method enhanced the separation capabilities, obtaining a
clear separation for FP level 3 contaminated samples, as shown in Fig. 3.44.

Encouraged by these results, we performed a feature selection step for the samples
investigated and recorded with bothmethods. Based on the ranking feature algorithm
relief -f , ten relevant features were extracted for the PCmethod. Specifically, a subset

Fig. 3.44 E-nose findings when performing PCA on the PC method sampled flat CFRP panels
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of steady-state and desorption rate features forMOXsensorswas selected by the algo-
rithm. By using the selected feature vector along with a logistic regression classifier,
the receiver operator characteristic (ROC) curve was drawn (see Fig. 3.45). Its area
under the curve (AUC) performance indicator was then computed, obtaining a value
of 0.84. In this way, we have shown that a total correct classification (CC) rate of
78% can be achieved, at a false negative rate of 31% (Table 3.5).

Fig. 3.45 AUC of the logistic regression classifier when evaluating the e-nose findings for the
CFRP coupons

Table 3.5 Parameters of the classifier performance assessment for evaluating e-nose data obtained
for CFRP coupons. One class representing FP-contaminated samples (at all contaminated levels)
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Fig. 3.46 Neural network regression results obtainedwith e-nose ver.1 data, considering all samples
(note 0 level contamination). The results have been obtained using a leave-1-out cross-validation
procedure. Note that the contamination level is underestimated and that the regressor is basically
capable to discriminate the highest level of contamination samples from uncontaminated samples

Further analyses were conducted to compute the contamination quantification
capabilities of the e-nose ver.1. In particular, a simple multivariate regression algo-
rithm (FFNN) was used to estimate the level of contamination by a linear continuous
encoding of the level score ranging from 0 to 3. Results shown in Fig. 3.46 show that
the selected regression algorithm when applied to all e-nose ver.1 captured data is
not capable to directly estimate the contamination level of a sample. Actually, it is
only capable to discriminate the third (highest) FP contaminant level, and its mean
absolute error (MAE) evaluation resulted in a 0.69 value.

In Fig. 3.47, we show the results obtained for the correctly identified contaminated
samples. In this case, the regression method offers much better performance, high-
lighting a progressive behavior when evaluating contamination levels of increasingly
contaminated samples. TheMAEscore, in this case, reaches a 0.5 value.This suggests
that experimental conditions variability severely hampers the inherent discrimina-
tion and quantification capability for some of the samples. However if the conditions
favor the correct measuring of the samples, then its identification as contaminated
and the consequential contamination level quantification may be successful.

Samples recorded with the 0 method were screened with a discriminant analysis
(DA) approach in order to select the most discriminative features. In particular, we
restricted our analysis to the three features obtaining the best DA scores. Specifically,
all the selected features were uptake derivatives of MOX sensor responses. Two of
these were selected for the final classification task, namely the uptake derivatives
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Fig. 3.47 Regression results obtained with the ENEA e-nose ver.1 when considering correctly
identified contaminated samples

with respect to MOX1 and MOX5, which were used in the classification task to
differentiate the FP/Skydrol contaminated coupons from the CFRP reference (RE)
samples. This selection allowed a simple tree classifier to achieve a correct classifi-
cation rate of 86.44% (false negatives FN = 0%, false positives FP = 27%, as listed
in Table 3.6).

Table 3.6 Confusion matrix as obtained by a classification tree (CT) when discriminating
uncontaminated reference samples from FP/Skydrol contaminated samples



3 Extended Non-destructive Testing for Surface … 169

Fig. 3.48 E-nose with the desorber device imaged with the sampling head approaching CFRP parts
with different sample geometries

3.4.2.4 E-nose Results for the Pilot Level Samples

Subsequently, we detail the findings achieved, respectively, with the Airbus and
ENEA e-nose setups and related procedures for curved CFRP pilot level samples in
the ComBoNDT research project.

Airbus E-nose Setup

The received CFRP samples were measured in a random order with the above-
described device setup. The images in Fig. 3.48 show the desorber device sampling
head taking analyte samples from CFRP parts with different sample geometries.

CFRP Pilot Level Samples from the Production User Case

The considered CFRP pilot level samples of the related production user case were
curved specimens with convex and concave surfaces. All surfaces could be measured
successfully with the e-nose desorber device. The contemplated contamination
scenario was implemented by depositing on the surface a combination of release
agent (RA), at two different concentration levels (RA1 and RA2), and fingerprints
(FP) containing artificial sweat, whereby the contaminants were applied to both
sides of the sample. We measured all the samples only once to avoid errors due to
differential outgassing of contamination volatiles. With the normalized data matrix,
a PLS-DA was performed for classification purposes.

In Fig. 3.49, we present the results of the respective PLS-DA analyses. The graph
on the left side of this figure shows that the applied algorithm enables the contami-
nated samples to be distinguished from the reference samples with a clean surface.
The right-hand graph shows the results, highlighting the additional distinguishing
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Fig. 3.49 Results of the class prediction of the PLS-DAof data obtained by e-nosemeasurements on
theCFRPpilot samples from the production user case; left: prediction of two classes (clean reference
class 2; contaminated class 1); right: prediction of three classes, including a discrimination between
the two different contaminant concentrations

among the contaminated sample sets into two classes, providing the information on
different concentrations of contaminants and thus facilitating a quantification.

CFRP Pilot Level Samples from the Repair User Case

The pilot level CFRP samples of the repair user case were prepared by introducing
a scarfed surface. We successfully measured all surfaces with the desorber device.
The applied scenario affecting the sample surfaces was a combination of a thermal
impact (TD) and the deposition of contaminants based on de-icing fluid (DI).

We observed that all measured samples showed a very high sensor response when
compared to the CFRP coupons. Specifically, even the scarfed reference samples
reacted as if they were coupon samples with certain contaminations. This behavior
could originate, on the one hand, from the thermal damage of the sample caused by
the scarfing process or, on the other hand, from a solvent or chemical substance being
used during or after the scarfing process, e.g., to clean the sample. Based on these
observations, to experimentally verify these presumptions, some samples (reference,
thermal impact (TD), and the “TD-DI” combination) were placed in a vacuum oven
at 120 °C for one day. After this desorption process, the samples were measured
again.

Figure 3.50 displays the results of the PLS-DA analysis. We infer that after
applying thePLS-DAalgorithm,we are able to distinguish among thermally damaged
samples, samples with additional de-icing fluid contamination, and samples with a
clean surface.

Performing a cross-validation step with the obtained data, the confusion table of
cross-validation presented in Table 8 is returned.

Table 3.7 shows that the CFRP surface obtained after applying DI contamination
can be clearly distinguished from the surfaces of the other samples and that thermally
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impacted samples are identified correctly in eight out of eleven cases. A small amount
of incorrect classification exists between reference samples and thermally damaged
samples. Considering this error, it should be noted that the reference samples are also
scarfed samples and might bear an odor characteristic of thermal damage due to the
mechanical scarfing treatment.

ENEA E-nose Setup

The pilot sample set was characterized by the advanced ENEA e-nose ver.2.0. The
measurements were performed according to the standard method, i.e., the 0 method
sampling procedure. Our classification task within the production user case aimed
to differentiate the contaminated CFRP panels from the reference ones to achieve a
GO/NOGO classification. Reference samples were labeled as belonging to the RE
class, while the contaminated class, including all panels (RA1FP3 and RA2FP3)
having undergone combined contamination, was tagged as the RAFP3 class. For this
task, a PLS-DA approach was selected. Training was performed on a normalized

Fig. 3.50 Results of the
class prediction of the
PLS-DA of data obtained by
e-nose measurements on the
repair user case pilot level
CFRP samples

Table 3.7 Confusion matrix obtained when cross-validating data from the e-nose measurements
on CFRP pilot level specimens from the repair user case comprising specimens prepared following
three different contamination scenarios (RE, TD, and TD-DI); more details are given in the text

Actual class RE TD TD-DI

Predicted as RE 22 3 0

Predicted as TD 3 8 0

Predicted as TD-DI 0 0 23
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Fig. 3.51 Computed cross-validated response for the class comprising contaminated (RAFP3)
CFRP pilot level specimens versus the reference samples (REF). The red dotted line indicates
the contaminated class threshold crossing which will determine a sample classification as a
contaminated one

data matrix of 37 features and 69 total panels. An internal leave-one-out cross-
validation procedure1 was used to select the optimal number of components, while
external cross-validation with 20% of samples used as a test set at each validation
run was used for the performance estimation. The results demonstrated a 0.83 correct
classification rate level.

Table 3.7 shows the results of the classification of the 69 samples. The
classification threshold was set by the PLS-DA method, see Fig. 3.51.

The trained classifier provides the wrong estimations for just 12 out of the 69
samples, as confirmed by the confusion matrix shown in Table 3.8.

Furthermore, the value of the area under the ROC curve (AUC) (presented in
Fig. 3.52) approaches unity, confirming the classifier performance.

These results show how the advanced second version of the e-nose was finally
implemented to achieve a good performance; also in the production user case, it was
capable to identify the contaminated samples among the pilot samples.

1This procedure selects all samples for training purposes except one, set apart for evaluating the
performance of the trained algorithm. The process is repeated for a number of times equal to the
dimension of the originating sample set. In this case, the classification rate obtained by the test
samples is used to forecast the performances of several models, each one using a different set of
principal components.
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Table 3.8 Confusion matrix obtained for the e-nose measurements on CFRP pilot level specimens
of the production user case comprising specimens from two different contamination scenarios (RE
and RAFP3); more details are given in the text

Actual class RE RAFP3

Predicted as reference 36 6

Predicted as contaminated 6 21

Fig. 3.52 ROC curves (left) and plots of sensitivity (blue) and specificity (red) values for the e-nose
data as the class threshold is changed (right) for the classes comprising non-contaminated (upper)
and contaminated (lower) CFRP pilot level specimens of the repair user case

3.4.3 Final Remarks

Regarding the Airbus e-nose setup, during the different test campaigns, the device
proved its capability in terms of contamination detection on the provided samples
and chosen application cases. During the coupon sample investigations, the system
showed its ability to distinguish the different contaminations in both the production
and repair user cases. At the pilot sample level, the desorbermeasuring headmanaged
to take air-tight odor samples from concave and convex real-world geometries while
dealing with new and previously unknown scarfed surfaces. During the three-day test
event on technologically realistic parts at IFAM, the detection system substantiated
its ability to also function in surroundings other than a gas testing facility and once
again showed great sensitivity in detecting volatile chemical compounds.
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Quantitative determination of moisture content using the e-nose system in combi-
nation with the desorber device is feasible for the desired material. The achieved
error of prediction of less than 0.0763wt% is very encouraging. Enlarging the dataset
with additional measurements will further reduce the error of prediction to values
of RMSECV (about 0.035 wt%). One big advantage of the e-nose in the combined
method of operation is that information on the chemical surface condition (clean or
contaminated) can be obtained at the same time with a very good value in terms of
the moisture content.

If more precise measurements of the moisture content are required, the measuring
setup of the e-nose system can be changed to a pure moisture measurement setup.
Under this setup, the resolution of moisture detection will be increased, and the error
of prediction can further be reduced.

At the coupon level, the first e-nose version by ENEA was not capable of dealing
with the challenges of the production user case, although it was able to reach a 78%
correct classification rate for FP detection in the repair user case. After the coupon
level tests campaign, the ENEA e-nose was significantly improved by developing a
new sampling head and filtering subsystems. The second version proved its capability
to detect contaminated samples in both the production and repair user cases at the
pilot and realistic parts challenge levels. In particular, the second version was able to
achieve more than 80% accuracy in detecting RA-FP mixed contamination samples
at the pilot level and obtained a perfect score during the realistic parts testing event
in Bremen.

Based on the analysis of these results, e-nose technology appears very close to the
maturity stage for the detection of surface contamination prior to the bonding phase.
Of course, the e-nose methodology can only be effective whenever residual volatile
compounds are present on the surface under analysis. The results of the ComBoNDT
campaign are significant for the detection task and are encouragingwith respect to the
possibility to distinguish different contaminants, even when the concentration level
was close to what we would expect to find in real-world scenarios. Quantification
capabilities at this level, however, still appear to be difficult to achieve. Currently,
the primary limitations of the techniques are due to measurement times, which can
slow down the screening of large surfaces.

In summary, during the ComBoNDT project, two different approaches to contam-
ination detection using e-nose were followed. On the one hand, a custom-made-of-
the-shelf system (Airsense, Airbus E-Nose) was employed to reach a high TRL in
a very short time. The system had to be retrofitted with additional sensors, and in
order to achieve stable results on a shop floor environment without the influence of
interfering odors from solvents and volatile compounds, a desorber device also had
to be developed. On the other hand, the e-nose system from ENEA was developed
almost from scratch and went through several optimization steps. Both approaches
proved their eligibility and showed outstanding detection capabilities, as described
above.

Both approaches offer advantages. The ENEA approach can be considered as an
open-source system. The measurement setups (e.g., duration, flow, temperature) as
well as sensor signal feature extraction and all other parameters are easy to set and
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change, whereas the custom-made device can only be controlled or influenced in a
way that the manufacturer allows by providing an insight into the device’s firmware.
The Airbus approach, employing a working gas sensor system, saved a lot of time,
which was used to work on a smart sample-taking device. With the integration of the
e-nose and desorber device in one system, interfering influences from a shop floor
environment can be ignored. The implementation of signal processing and multi-
variate data analysis could easily be achieved, tested, and adapted using the “open-
source” ENEA system. Measurement control, data recording, feature extraction, and
multivariate data analysis were successfully performed, displaying the results on a
GUI designed and programmed by ENEA at the end of the project.

As already mentioned above, both approaches have their advantages, and the
greatest advancements in the technology were achieved in the areas where research
and experience could improve the system via further hardware and software develop-
ments. The only conclusion must be to combine these enhancements—smart sample
taking and total system control—in an integrated common device to further advance
sensor system performance.

3.5 Laser-Induced Breakdown Spectroscopy (LIBS)

In this section, we introduce laser-induced breakdown spectroscopy (LIBS) as a tool
for surface quality assessment and detail how its performance was enhanced in the
ComBoNDT project for the in-process monitoring of CFRP adherends.

3.5.1 Principle and Instrumentation

LIBS is a spectroscopic method for elemental analysis that is routinely used to deter-
mine the elemental compositions of solids, liquids, and gases. For surface technology
applications, a high-power laser pulse is focused onto the sample, whereby a small
amount of material (typically hundreds of ng to a few µg) evaporates and forms
a micro-plasma above the surface [30]. In this way, surface species are excited,
and due to the following relaxation process, element-specific radiation is emitted.
The emitted light is subsequently separated by its wavelength and is detected using
a (often high-resolution) spectrometer; then, the measured intensities of the optical
emission are evaluated using dedicated software for qualitative and quantitative anal-
ysis. Quantification to assess the surface composition is possible through, e.g., peak
ratios in combination with a suitable calibration of the method [6]. For the detection
of surface contaminants with LIBS, the contaminant needs to contain (atoms of) the
elements that are detectable by means of LIBS and that are not (or only in a very
defined amount) part of the clean surface. Detection limits can be in the range of ppm
but depend on the material, contaminant, and experimental setup, and they need to be
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Fig. 3.53 Diagram showing
the measurement principle in
LIBS

determined separately for each combination of materials and species to be detected
[1].

In comparison to conventional surface analysis methods, LIBS requires rela-
tively short measurement times in the order of a few seconds. Measurements can be
performed under atmospheric conditions without the need for sample preparation.
In addition, LIBS can be adapted to inline applications [31].

Regarding the findings reported here, the LIBS measurements were performed
with the LIPAN 4000 system from LLA Instruments GmbH, Berlin, Germany. Laser
pulses from a Q-switched Nd:YAG laser with a 1064 nm laser wavelength, a pulse
width of 6 ns, and a repetition rate of 20 Hz were used for excitation. In addition,
tests were also performed with another Nd:YAG laser system that emits laser light
with a wavelength of 266 nm at a rate of 10 Hz with a 7 ns pulse width. Figure 3.53
gives an overview of the LIBS setup.

Spectra were obtained and analyzed using an Echelle spectrometer (LLA Instru-
ments GmbH, Berlin, Germany), which allows simultaneous detection of wave-
lengths from 200 to 780 nm with a spectral resolution of a few pm. The spectrometer
was combined with an ICCD camera (1024 * 1024 pixels). Measurements were typi-
cally done at laser energies ranging from 95 to 180 mJ, depending on the laser light
wavelength. The control of the spectrum recording and the evaluation of the spectra
were performed using the ESAWIN software developed by LLA Instruments GmbH.
The software has a large database that allows the automated identification of many
relevant atomic emission lines in the optical spectral region.

3.5.2 LIBS Results

In the following, we report the LIBS advancements and findings obtained in the
ComBoNDT research project, in which the consortium partners at Fraunhofer IFAM
performed the in-process monitoring of CFRP adherends of different shapes that
are relevant for distinct technologically relevant user cases and had undergone the
intentional application of various contamination scenarios.
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3.5.2.1 LIBS Results on Coupon Level Samples

We investigated three different contaminants and clean reference samples on flat
10 cm × 10 cm coupon level samples for a production user case comprising
distinct contamination scenarios. In the following, the results for CFRP surface states
obtained by applying the different contaminants are presented in comparison with
the clean reference samples. Coupon samples with different amounts of moisture are
not discussed due to the inability of LIBS to detect this contaminant (i.e., water in
CFRP).

Release agent (RA) contamination scenario:

The silicon-containing release agent Frekote® 700NC was used in the RA scenario.
For the contaminated samples, silicon emission lines were detected with LIBS. In
Fig. 3.54, the LIBS spectra of a clean CFRP sample and an RA-contaminated sample
are shown together. The relevant atomic emission lines (carbon and silicon) used for
sample evaluation are marked.

Three correspondingly prepared RA-contaminated CFRP coupon samples for
each degree of contamination (named 1, 2, or 3) and three clean reference samples
were investigated with a 1064 nm single laser pulse energy of 180 (±10) mJ and 60
LIBSmeasurements on each sample specimen. Themean values and 95% confidence
intervals were calculated from the three samples, respectively, and the resulting
relativeLIBS intensities (given asSi/C intensity ratios) are correlated to the respective
XPS results in Fig. 3.55. The lowest level of contamination, namely I-P-RA-1, is
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Fig. 3.54 LIBS spectrumobtained from a clean (black line) and anRA-contaminatedCFRP coupon
sample (red line) with the indication of relevant emission lines for carbon and silicon species
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Fig. 3.55 Correlation between the 1064 nm LIBS relative intensities (Si/C) and silicon surface
concentrations (in at.%) measured with XPS

clearly detectable compared to the clean reference sample and can additionally be
differentiated from the two subsequent contamination levels (I-P-RA-2 and I-P-RA-
3).

The same set of CFRP samples was investigated using the same LIBS setup
coupled with a different laser using an excitation wavelength of 266 nm. The single
laser pulse energywas reduced to 95 (±10)mJ. The results are shown in Fig. 3.56. An
increased Si/C ratio for the contaminated samples is observed and both the reference
sample and the three contamination levels can be clearly detected and differentiated.

The detection limit using the 266 nm laser for excitation is expected to be even
lower than the contaminant surface concentration on the tested composite sample,
with approximately 3 at.% (XPS). To increase the silicon concentrations on theCFRP
surface, a differentiation of the level of contamination is better using 1064 nm for the
plasma excitation. We explain this phenomenon by achieving different information
depths depending on the laser excitation: Using the 1064 nm light, the information
depth is comparably high. The CFRP adherend surface contributes to a great extent to
the plasma emissions (we observe a large carbon signal and a comparably low silicon
signal intensity).When using the 266 nm laser for plasma generation, the information
depth is lower and the surface-near regions (e.g., deposited contaminants) contribute
significantly more strongly to the measured signal. This results in an increased Si/C
ratio and enables very surface-sensitive measurements.

Fingerprint (P-FP) contamination scenario:
LIBS investigations were performed on the CFRP adherends with an analogous
procedure, as applied in the case of the samples from the RA scenario that had
been locally contaminated with an artificial fingerprint (FP) solution (see Chap. 2).
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Fig. 3.56 Correlation between the 266 nm LIBS relative intensities (Si/C) and silicon surface
concentrations measured with XPS

Using mean values from an area of 3.6 cm × 2 cm (1600 LIBS shots), the lowest
level of contamination (named I-P-FP-1) is clearly detectable compared to the clean
reference sample with both laser excitation wavelengths (1064 nm and 266 nm),
see Fig. 3.57 for 1064 nm and Fig. 3.58 for 266 nm. Differentiation of the different
contamination levels is, to some extent, possible with a laser wavelength of 1064 nm.
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Fig. 3.57 Correlation of the 1064 nm LIBS relative intensities (Na/C) with sodium surface
concentrations measured with XPS
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Just as for the RA scenario, for measurements using a 266 nm laser for plasma
excitation, the information depth is comparably lower and the surface-near regions
(e.g., contaminants) contribute significantly more strongly to the measured signal.
This results in a clearer detection of contaminants on the I-P-FP-1 samples and amore
significant discrimination from the referenceCFRP surface state, but it does not allow
for a differentiation of the three contamination levels (FP-1 to FP-3). The chosen
evaluation method calculates the mean values from the areas with (fingerprinted
region) and without (surrounding areas) contamination.

In this case, as in any case of punctual contamination, we suggest improving the
detection result for contaminated regions by evaluating every single LIBSmeasuring
spot and plotting the result in a space-resolved 2D diagram (hereafter named a map).
Clean and contaminated areas on the sample can, thus, be identified, and the risk
of missing small spots of contaminants (due to averaging comprising spots from
surrounding and not contaminated regions) is reduced. Half of an artificial fingerprint
and part of the clean surrounding areas were measured and evaluated, and the results
are shown in Fig. 3.59 (for an excitation wavelength of 1064 nm) and Fig. 3.60
(266 nm), respectively. Green areas indicate regions with Na/C signal intensity ratios
as found on a clean surface, while orange and red color-coded (with darker colors
referring to a higher Na/C ratio) areas indicate an increased Na/C ratio and, thus,
FP-contaminated areas.

Regarding the production user case, similar to the contamination scenarios within
the repair user case, we investigated three different contaminants and clean reference
samples on flat 10 cm × 10 cm CFRP coupon level samples. In the following, the
results for the surface states based on the different contaminants are presented in a
comparison with the findings for the clean reference samples. Coupon samples with
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Fig. 3.59 LIBSmap showing a space-resolved 2Ddiagramof the 1064 nm relative signal intensities
(Na/C)

Fig. 3.60 LIBSmap showing a space-resolved 2D diagram of the 266 nm relative signal intensities
(Na/C)

different degrees of thermal impact and resulting degradation are not discussed due
to the lack of a contamination-specific tracer element, which is essential for LIBS to
detect different surface states.

De-icing fluid (DI) contamination scenario:

The de-icing fluid (DI) applied in this contamination scenario contained potassium
as a tracer element, which enabled the contaminant detection and quantification
with LIBS. Measurements with a 1064 nm laser wavelength were performed with
an approximately 180 mJ single pulse energy and 60 measurements in an area of
4.5× 9 cm. The LIBS intensities (K/C) correlate well with potassium concentrations
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measured with XPS, as shown in Fig. 3.61. We achieved a detection and differenti-
ation of different levels of contamination with this set of settings. Using 266 nm as
the excitation wavelength (approximately 95 mJ single pulse energy and 64 LIBS
measurements in an area of 4 cm × 4 cm), DI contamination was also successfully
detected; see Fig. 3.62. Differentiation of the higher contamination levels DI-2 and
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Fig. 3.61 Correlation between the 1064 nm LIBS relative intensities (K/C) and potassium surface
concentrations measured with XPS
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Fig. 3.63 1064 nm LIBS relative intensities (P/C) for distinct degrees of CFRP surface contami-
nation with a phosphorous-containing hydraulic oil

DI-3 was not achieved. The comparatively large standard deviations of the XPS
results for the surface concentrations (potassium) on DI contaminated samples indi-
cate that theDI is non-uniformly distributed on theCFRP surfaces. Hence, depending
on the area investigated with LIBS, different intensity ratios might be the result.

Fingerprint (P-FP) contamination scenario:

For this scenario, the sameLIBS settings as elaborated for theDI detectionwere used.
In this case, the fingerprints comprised a phosphorous-containing hydraulic oil. FP
detection was successfully performed with both the 1064 and 266 nm plasma excita-
tion wavelengths; see Fig. 3.63 (1064 nm) and Fig. 3.64 (266 nm). The three different
contamination levels could be distinguished. However, the confidence interval for
sample FP-2 was quite large when measured with the 1064 nm laser. A correlation
with the XPS results was not achieved in this case. Comparing both measurements,
we infer that the 266 nm laser excitation wavelength is again more surface sensitive,
and thus gives larger P/C ratios (compared to the release agent (RA) scenario in the
production user case).

Thermal degradation (TD) scenario:

Since thermally degraded surfaces do not contain a chemical element that exclusively
and specifically marks the treated samples, a clear detection of CFRP samples that
had undergone a TD impact was not achieved with LIBS in the current setup. Using
a multivariate approach, there was no clear differentiation between the sample sets,
and the prediction of unknown sample states failed. Improvements may be reached
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by using a setup dedicated to oxygen detection, whichwas not the focus of our current
LIBS setup.

Summary of the LIBS results for coupon level samples:

Table 3.9 summarizes the LIBS results for the coupon level samples. For the produc-
tion user case, the detection of the contaminant was possible for the RA and FP
scenarios. A clear differentiation of the three contamination levels was possible for

Table 3.9 Categorizing summary of the LIBS results for the coupon level CFRP samples of distinct
contamination scenarios in the production and repair user cases
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the RA scenario. Concerning the repair scenarios, the detection as well as the differ-
entiation of the levels of contamination were successfully demonstrated for the FP
and DI scenarios.

3.5.2.2 LIBS Results on Pilot Level Samples

The LIBS measurements on pilot level CFRP specimens from the production user
case were performed on curved CFRP surfaces after peel ply removal. The laser
wavelength of 1064 nm was used with a 180 mJ laser pulse energy. The inspected
area was 4 mm × 4 mm with 1600 LIBS single shots within this area.

Combined contamination of RA and FP:

Two contaminants were applied to the samples: a release agent (RA) and a fingerprint
with artificial sweat (FP). On the coupon level samples, these two contaminations
could be detected individually using LIBS. For the combined FP and RA contamina-
tion, Fig. 3.65 shows the evaluation of the silicon emission line that is specific for the
silicon-containing RA. The Si/C ratio increases with increasing RA concentration
on the CFRP surface. We clearly detected the low RA concentration (compared to a
clean reference sample) and also distinguished it from the higher RA concentration.
Figure 3.66 shows the good correlation of the LIBS results (giving the Si/C signal
intensity ratio) with the XPS results (giving the silicon surface concentration).
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Fig. 3.65 Evaluation of the Si/C LIBS signal for the pilot level CFRP samples with combined
release agent (RA) and fingerprint (FP) contaminations
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Fig. 3.66 Evaluation of the Si/C LIBS signal for the pilot level CFRP samples correlated to the
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Based on the visual inspection, we inferred that the FP contamination did not
spread over the entire sample surface (as it is the case for the release agent) but is
located somewhere in themiddle of the samples. In order to detect this contamination,
an area of 4 cm× 2.4 cm containing 240 LIBS measurement spots was inspected for
each sample.We did not obtain a clear FP detection (as for the coupon level samples).
In Fig. 3.67, the Na/C LIBS mapping result for the reference sample is shown, and
in Fig. 3.68, we present the corresponding mapping for the contaminated sample
II-P-RA1-FP3. There is an overall increased sodium concentration (characteristic of
the artificial sweat in the fingerprinted surface regions) for the contaminated sample
(in the more orange and red areas), but the detection of a clear fingerprint shape was
not possible.

Within the repair user case based on pilot level samples, the LIBS measurements
were performedon theCFRPsurfaces after scarfing.The laserwavelength of 1064nm
was used with a 180 mJ laser pulse energy. The inspected area was 0.4 cm × 0.4 cm,
with 1600 LIBS single shots within this area.

Combined DI and TD contamination scenario:

The scarfed CFRP specimens underwent two contaminations and showed the surface
modifications resulting from contact with de-icing (DI) fluid and exposure to thermal
impact (TD). On coupon level samples, LIBSwas a suitable method for the detection
of DI, but not for TD. For the pilot samples, we, therefore, focused our measurements
on the detection of potassium-containing DI.

The LIBS results for K/C are shown for all measured samples in Fig. 3.69. We
obtained a clear detection of DI in comparison to the reference CFRP sample. Also,
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Fig. 3.67 LIBS map for the Na/C signal intensity ratio on a pilot level CFRP reference sample

the two levels of combined contamination were differentiated. The LIBS results
correlated well with the XPS results for potassium concentration on the surface, as
shown in Fig. 3.70.

Summary of results for the pilot level CFRP specimens:

Concerning the measurement of the pilot samples for the respective production user
case, LIBS enabled detection and even a differentiation of the different levels of
release agent. The fingerprint composed of artificial sweat was detected, but the
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Fig. 3.68 LIBS map for the Na/C signal on a pilot level CFRP sample II-P-RA1-FP3

respective ENDT procedure might even be improved. The detection was not as clear
as for the coupon level samples.We suggest that one reason for this outcomemight be
the rough surface structure (the peel ply was removed without subsequent abrasion
treatment) of the examined samples.

Within the repair user case comprising pilot level CFRP specimens, LIB investi-
gations were performed on scarfed samples. The geometry was easily accessed and
handled by the LIBS system. The deposited de-icing fluid was neither detected nor
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Fig. 3.69 Evaluation of the K/C LIBS signal for the pilot level CFRP samples in the repair user
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quantified. Thermal degradation was not detected (as when inspecting coupon level
samples) because no element contrast was present in this scenario.

3.5.3 Performance in Inline Surface Quality Assurance

In the following, we summarize the findings revealing the performance of laser-
induced breakdown spectroscopy (LIBS) as an ENDT technique for the surface
quality assessment of CFRP composite specimens in distinct user cases. These
comprised first a production and a repair user case, both based on coupon level
samples, then pilot level CFRP samples with a more complex shape applied in a
production and a repair user case, and finally user cases relying on technologically
realistic CFRP parts.

In a first and trendsetting approach within the ComBoNDT research project, we
applied LIBS tomapCFRP test coupons prepared by intentionally depositing distinct
contaminants within several contamination scenarios. Some of these scenarios
comprised contaminants containing chemical components that feature elements that
are not found on clean CFRP substrates and thus, may be used as tracer species for
LIBS-based surface assessment procedures.We advanced these spectroscopic proce-
dures to achieve technologically relevant detection limits and to accomplish fast data
acquisition and evaluation that permit surface investigations by applying a high area
density of LIBS spots. In this way, even locally applied contaminants relevant for
aeronautical environments were detected.

3.6 Fourier-Transform Infrared Spectroscopy (FTIR)

In this section, we introduce Fourier-transform infrared spectroscopy (FTIR) as a
tool for surface quality assessment and detail how its performance was enhanced in
the ComBoNDT project for the in-process monitoring of CFRP adherends.

3.6.1 Principle and Instrumentation

In FTIR spectroscopy, molecules close to the surface are excited by infrared light.
This excitement results in a partial absorption of the infrared radiation by the
molecules, as depicted in Fig. 3.71. The absorbed infrared radiation is missing in
the received infrared spectra, providing information about the chemical composi-
tion of the surface. The measured FTIR spectra have complex structures that can
be interpreted by a partial least squares (PLS) algorithm that correlates the material
properties given in the calibration with significant features in the FTIR spectrum
recorded on a substrate. In the second step, the calibration can be used to predict
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Fig. 3.71 Working principle of diffuse reflection FTIR spectroscopy

the material properties from an FTIR spectrum made on a substrate with unknown
properties. The advantage of this evaluation algorithm is that the FTIR spectra can
be interpreted quantitatively.

Themeasurementswere conductedwith anExoscan 4100 portable handheld FTIR
spectroscope. The test parameter was set to 64 scans at a resolution of 8 cm−1. All
measurements were performed in diffuse reflection.

3.6.2 FTIR Results

The following subchapter summarizes the results obtained for the three sample levels.
Since no sensitivity toward release agent or fingerprint contamination was found
during this experiment, a successful evaluation of these samples was not possible;
therefore, the results are not described in this chapter.

3.6.2.1 FTIR Results on Coupon Level Samples

The coupon level samples were used to create a PLS algorithm model. For this
purpose, FTIR spectra recorded on surfaces with different contaminations were used
to build a calibration model. The presented results show the validations of these
models with additionally recorded FTIR spectra. Figure 3.72a depicts the validation
of a thermally degraded CFRP surface. The results show a satisfactory prediction
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Fig. 3.72 a Prediction of the temperature during thermal degradation based on the PLS algorithm
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with de-icing fluid; c prediction of the moisture uptake on the surface based on the PLS algorithm
from the FTIR spectra recorded on a CFRP surface after moisture conditioning

accuracy with a root mean square error of prediction (RMSEP) of about 8 °K and a
coefficient of determination (R2) of about 0.94.

For the prediction of the amount of residual de-icing fluid, the amount of potas-
sium (K) fromXPSmeasurementswas used as a calibration reference. The prediction
quality is quite satisfactory, with a root mean square error of prediction (RMSEP) of
1.4 at.% K. The uptake of moisture is a well-known property of CFRP material. In
Fig. 3.72c, the prediction ofmoisture uptake correlateswith an accuracy of 0.086wt%
(RMSEP) and an R2 of 0.938. This prediction accuracy is in good accordance with
similar investigations. In [32], a method was described that uses additional condi-
tioning of the surface with an intermediate heating step. This investigation shows
at an early stage that it is possible in principle to also measure non-homogenously
saturated samples.

3.6.2.2 FTIR Results on Pilot Level Samples

Themeasurements for a thermally degraded scarfed surface are depicted inFig. 3.73a.
Both the reference and the thermally damaged sample showed a high scattering of the
predicted temperature. It is assumed that this phenomenon was caused by the sample
preparation. The samples on the coupon level were scarfed in a gentle manner to
remove only the resin above the top fiber layer. In contrast, the pilot level samples
were scarfed with an elevated pressure to reach an appropriate scarfing depth for
the repair patches. Such friction leads to high temperatures on the surface. The fact
that the information depth of FTIR spectroscopy is limited to near-surface areas can
explain the predicted temperatures and their scattering. Further development of the
method could include a defined surface preparation after scarfing in order to prevent
a high-temperature impact.
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Fig. 3.73 a Prediction of the temperature during thermal degradation based on the PLS algorithm
from the FTIR spectra recorded on thermally degraded and de-icing fluid contaminated scarfed
CFRP surfaces; b prediction of the temperature during thermal degradation based on the PLS
algorithm for thermal-oxidative degradation; c prediction of the amount of potassium on the surface
based on the PLS algorithm from the FTIR spectra recorded on scarfed CFRP surfaces with thermal
degradation and additional de-icing fluid contamination

In order to check the repeatability of the FTIR method, un-scarfed areas of
the sample were also investigated. For this evaluation, an in-house PLS model
was used that was available from previous investigations on thermal-oxidatively
degraded surfaces. In Fig. 3.73b, the evaluation shows a quite significant differen-
tiation between the reference and thermally degraded surfaces. The evaluation of
the measured amount of de-icing fluid is displayed in Fig. 3.73c. It was observed
that contamination from de-icing fluid was detected on all samples. Furthermore, a
clear increase in the amount of predicted potassium could be detected between the
reference sample and the contamination levels I and II. For the reference sample, a
high scattering was obtained.

3.6.3 Performance in Inline Surface Quality Assurance

During the different measurement series, FTIR spectroscopy demonstrated high
sensitivity in detecting and quantifying thermally damaged parts, the amount of
moisture uptake inside an assembly, and de-icing fluid contaminations on CFRP
surfaces.

Moisture uptake could be correlated successfully with an error of 0.09 wt%. This
sensitivity is sufficient to set a reliable process window to prevent bondline failure
due to unknown moisture uptake.

Coupon level investigations proved the capability of determining thermally
damaged samples with an error of 8 °K. This is a very good result for sanded CFRP
surfaces. However, this accuracywas not achieved for the pilot samples. At present, it
is assumed that the heat friction during the scarfing process leads to high temperatures
and causes thermal damage on the sample surface with higher local variations.
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On the coupon sample level, the surface contamination with de-icing fluid was
well predicted with an error of only 1.4 at.% K. These results were subsequently
validated with the contaminated pilot samples, with appropriate separation of lower
(DI-I) and higher (DI-II) levels of de-icing concentration. For measurements on the
demonstrator part, the de-icing fluid was found on the contaminated area as well as
on the reference side (in smaller concentrations). It is assumed that during the drying
step in the oven, the de-icing fluid was spread across the whole surface of the sample.

With this newly gained knowledge and the identified tasks, the process of FTIR
sampling can be significantly improved.Hence, FTIR spectroscopy hasmade another
step toward finally being employed on the shop floor.

3.7 Vibrometry Inspection

In this section, we introduce scanning laser Doppler vibrometry (SLDV) as a tool
for surface quality assessment and detail how its performance was enhanced in the
ComBoNDT project for the in-process monitoring of CFRP adherends.

3.7.1 Principle and Instrumentation

A scanning laser Doppler vibrometer is a non-contact measuring device that makes
use of the Doppler effect to register the vibration velocity. A beam of laser light is
focused on a point on the measured surface, see Fig. 3.74. The light is reflected and
due to the Doppler effect, its frequency is shifted proportionally to the velocity of
the measured point. A built-in SLDV interferometer is used to estimate this shift,
thus measuring the point velocity. A set of motors and mirrors in the scanning head
enables laser beam steering and, together with developed software, scanning along
a defined grid of points. Possibilities for SLDV application in research related to
guided wave measurements have been extensively studied over recent years. In [33],
a combination of experimental analysis using laser vibrometry and numerical anal-
ysis for the thin aluminum plate is presented. Ruzzene [34] proposed a technique
for full wavefield analysis in the wavenumber/frequency domain for damage detec-
tion. This is a filtering technique that improves damage localization results. The
author performed numerical and experimental analyses of simple aluminum plates
with crack and disbonded tongue and groove joints. In [35], scanning laser vibrom-
etry and imaging techniques were utilized for the detection of hidden delaminations
located in a multi-layer composite. The authors analyzed the wave interactions with
delamination and utilized several image processing techniques, such as Laplacian
filtering. It should be noted that the mentioned work presented a completely non-
contact system for elastic wave generation and sensing. Elastic wave generation was
performed using a continuous wave (CW) laser source in connection with a photo-
diode that excited a piezoelectric transducer. Elastic wave sensing was performed
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Fig. 3.74 The experimental setup

using a conventional scanning laser vibrometer. Non-contact elastic wave generation
based on a thermoelastic effect was utilized in [36]. The authors utilized broadband
excitation based on a low-powerQ-switched laser. The research presented here used a
piezoelectric transducer (Sonox P502) with a diameter of 10mm,whichwas attached
to the surface to excite guided waves in the samples. An excitation signal in the form
of a 5 µs Hanning was generated by an arbitrary waveform generator and amplified
to ±180 V by a signal amplifier. The excitation was synchronized with the SLDV
system.

3.7.2 Vibrometry Inspection Results

3.7.2.1 Vibrometry Inspection Results on Coupon Level Samples

To excite guided waves in the coupon samples, the piezoelectric transducer was
attached to the back surface of the specimen in the top-right corner, as depicted in
Fig. 3.75. Measurements were made along a diagonal line of 592 equally spaced
points. At each point, 100 time samples were registered with a 512 kHz sampling
frequency (192 ms total registered time). Each measurement was repeated 10 times
and used for averaging to improve the signal-to-noise ratio. The specimen was laid
flat on foam to minimize any propagating wave distortion.
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Fig. 3.75 The specimen

An example of a registered signal, presented in Fig. 3.76, is in the form of a time
response at one point situated on a diagonal line, 50 mm from the top-right corner
of the specimen.

The complete registered data are presented in the form of a waterfall plot in
Fig. 3.77.

Due to the high wave amplitude diversification, the same results are presented
in the logarithmic amplitude scale in Fig. 3.78. Three wave modes are visible, one
dispersive and two nondispersive (parallel lines).

Fig. 3.76 Time response at one point at d = 50 mm
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Fig. 3.77 Waterfall plot

Fig. 3.78 Waterfall plot in the logarithmic scale
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Fig. 3.79 Waterfall plot with space-amplitude compensation

Guided Wave Amplitude Compensation in Space

As the waves propagate along the specimen due to the damping phenomenon and
the geometrical wave spread, the amplitude decreases dramatically with distance
traveled. To compensate for this effect, an amplitude compensation procedure was
proposed.

The average energy of the propagating waves at every measured point was
determined as follows:

E(d) = 1

T

T−1∑

t=0

√
w[d, t]2, (3.1)

where T is the total number of measured time samples. Subsequently, the registered
signal at each point was divided by its average energy:

w̃(d, t) = w(d, t)

E(d)
. (3.2)

The results, taking into account the amplitude compensation in space, are
presented in the form of a waterfall plot in Fig. 3.79.
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Fig. 3.80 Wavenumber–frequency relationship

Two-Dimensional Fourier Transform

To transform the registered data from the space–time domain into the wavenumber–
frequency domain, the two-dimensional Fourier transform (2D FT) was used:

W (k, f ) =
∫ +∞∫

−∞
w(d, t)e− j2π(kd+ f t)dddt. (3.3)

The discrete form of the two-dimensional Fourier transform may be noted as
follows:

W [k, f ] = 1√
DT

D−1∑

d=0

T−1∑

t=0

w[d, t]e
− j2π

(
kd
D + f t

T

)

, (3.4)

where D and T are the total numbers of space and time samples, respectively.
Examples of the results in the wavenumber–frequency domain are presented in

Fig. 3.80.
The same operation was repeated for the signal with the compensated amplitudes

in space, leading to improved results, which are presented in Fig. 3.81. Such a curve
is typical for a sample made of the given material with the given thickness. Next, a
thresholding procedure was applied in order to create a binary curve. For the binary
data, linear fitting was conducted. The reciprocity of the value of the slope obtained
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Fig. 3.81 Wavenumber–frequency relationship with space–amplitude compensation

from the fitting gives a linear approximation of the elastic wave group velocity c.
This velocity was taken for the comparison of the coupon samples.

Two groups of samples were investigated in the coupon level samples; the sample
set investigated for the production user case comprised three reference samples (RE),
nine samples contaminated with release agent (RA), nine samples contaminated
with fingerprints containing artificial sweat (FP), nine samples containing moisture
(MO), and six samples with a mixed contamination of release agent and fingerprints.
Because moisture samples were investigated in this set, it was important to compare
them with very dry samples. The reference samples were measured for the first
time after arrival from Fraunhofer IFAM (Bremen, Germany) and the wave velocity
was estimated. Next, the samples were dried in an oven with air circulation. It was
observed that the mass drop for the I-P-RE-1, I-P-RE-2, and I-P-RE-3 samples was
0.19%, 0.63%, and 0.18%, respectively. The second measurement was made after
drying. The estimated wave velocity values for the three samples before and after
drying are plotted in Fig. 3.82. A significant drop in velocity was observed for the
second sample (I-P-RE-2). The observed relative change in velocities due to drying
was 1.80%,−15.63%, and 0.73% for the I-P-RE-1, I-P-RE-2, and I-P-RE-3 samples,
respectively. For the next analyses, the dried reference samples were taken.

Figure 3.83 depicts the results obtained for the feature velocity when investi-
gating samples with single contaminations in the production user case based on
CFRP coupons. No correlation between the contamination level and wave velocity is
observed for the release agent contamination (RA). An exceptionally high value of
velocity is observed for the I-P-RA-2-2 sample, while the I-P-RA-2-1 sample has the
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Fig. 3.82 Vibrometry results; comparison of the reference (RE) CFRP coupon samples of the
production user case

Fig. 3.83 Vibrometry results for the feature c (velocity of wave propagation) obtained during the
surface quality assessment of CFRP coupons within the production user case; each sample had
undergone one single modification. More details are given in the text
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Fig. 3.84 Vibrometry results obtained with CFRP coupons in the production user case; the find-
ings for samples prepared by applying combined contaminations are compared to the ones for the
reference (RE) samples and the samples with the respective single contaminations

lowest value among all the RA samples, even though it has the same contamination
level. In the case of the fingerprint contamination (FP), there is a slight increase in the
wave velocity going from the lowest level (I-P-FP-1-x) to the highest level (I-P-FP-3-
x). The numbering of the moisture samples cannot be treated as being representative
of contamination content because each of the samples absorbed different amounts
of moisture during conditioning. The sample with the highest velocity (I-P-MO-1-1)
gained 0.59% of mass, the same amount as the I-P-MO-3-1 sample, which has the
lowest velocity. The highest mass increase (0.71%) is observed for the I-P-MO-2-2
sample, but this is not distinguished by an extreme value of the velocity. Themoisture
case is further studied in a separate subsection.

In the next step, the samples with combined contaminations were studied. The
combined case comprised both fingerprint and release agent contaminations, so the
comparison was made not only with the reference samples but also with the RA and
FP samples with single contaminants at the respective levels. The results are depicted
in Fig. 3.84. It should be noted that the wave velocity values for the samples with
combined contaminations are on the level of the dry reference samples. The velocity
for single contamination samples was higher in most of the cases.

The CFRP coupon sample set investigated for the repair user case comprised
three reference (RE) samples, nine thermally treated (TD) samples, nine samples
contaminated with de-icing fluid (DI), nine samples contaminated with oily finger-
prints (FP), and six samples with mixed modification obtained by a combination of
thermal impact and subsequent contamination with de-icing fluid. In comparison to
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Fig. 3.85 Vibrometry results for the CFRP coupons from the repair user case; findings related to
the feature c (velocity) are presented for all the investigated samples with a single modification

the findings within the production user case, the reference samples differ more from
each other, see Fig. 3.85. Especially for the first sample (I-R-RE-1), the value of
velocity is significantly low. The non-uniformity of the estimated velocities could be
related to the surface preparation of the samples. The samples for the repair user case
were ground down to the fibers. For the velocity values for the samples with modifi-
cations, there is no correlation with the de-icing fluid contamination level. Relatively
good repeatability is observed for the fingerprint contamination. The sampleswith the
same level of contamination are characterized by similar values of velocity; however,
they cannot be distinguished from the reference samples. In the case of the thermal
treatment, the highest value of velocity was observed for the lowest temperature of
treatment, namely 220 °C (I-R-TD-1-x).

In the next step, the samples with combined modifications were studied. The
combined case comprised thermal degradation and de-icing fluid contamination, so
the comparison was made not only with the reference samples but also with the
respective TD and DI samples. Generally, a higher level of combined modification
results in an increase in the velocity value, see Fig. 3.86. However, only two samples
(I-R-TD1+DI-2-2 and 2-3) are characterized by a higher velocity than the reference
samples. Moreover, the combined modifications cannot be distinguished from the
respective single modifications (DI and TD).
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Fig. 3.86 Vibrometry results for the CFRP coupons from the repair user case; findings for the
combined modifications are compared against those obtained for the reference (RE) samples and
for coupons with the respective single modifications that contribute to the combined modification

Focus on the Moisture Uptake

After inspecting all coupon samples, it was decided to further investigate the samples
with moisture contamination. This was because a significant influence of the drying
of the I-PRE-x samples was observed. Additional analysis was conducted, and the
undried reference samples were also treated as being contaminated with moisture.
Because the moisture absorption of each sample was different, it was decided not
to use the sample symbols but rather to represent moisture intake as the percentage
of mass increase. The new results are plotted in Fig. 3.87. This time, there were 12
cases with moisture because the undried reference samples were included in the set.
The wave velocity value is on the same level for a considerable number of samples,
starting at 0% moisture content and ending at about 0.7%.

A correlation of the velocity with moisture content was not observed. This scat-
tering of the results could be related to the fact that the considered samples were
not saturated with moisture. This could explain the fact that we observed distinct
results for samples with similar mass increases. The moisture content on the wave
pathmay vary between samples with the samemass increase.Moreover, themoisture
content on the wave path may also vary from point to point for a single sample. Also,
according to the numerical investigation, the moisture increase influences the wave
amplitude far more than it does the wave velocity value. Therefore, it was decided to
analyze the vibration energy from point to point. At each measurement point i, the
RMS value was calculated:
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Fig. 3.87 Estimated wave velocity plotted against mass increase due to moisture

RMSi =
√√√√ 1

N

N∑

n=1

X2
i,n, (3.5)

where Xi,n is the n-th time sample of a signal X measured at point i. The indices
that are assumed to give the average state of the surface are the mean value of RMSi,
defined as

E = 1

M

M∑

i=1

RMSi, (3.6)

where M is the number of measurement points, and the three-sigma is defined as
three times the standard deviation:

3σ = 3 ×
√√√√ 1

M − 1

M∑

i=1

(RMSi − E)2. (3.7)

The three-sigma value consists of 99.7% of all data, meaning this encompasses
almost all the calculated RMS values. The results are depicted in Fig. 3.88. Again, the
samples with moisture contamination cannot be distinguished from the dry samples.

The problem in identifying the samples with moisture contamination could lie in
the fact that only a linear measurement is done along the diagonal of the samples.
If the samples are not saturated, one cannot be certain where the moisture is located
in the sample because only the mass of the sample is taken as the indicator of the
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Fig. 3.88 Results of the RMS analysis for the moisture contaminated samples; a E index, b three-
sigma index

Fig. 3.89 Result of the whole area analysis for moisture contaminated samples; a E index, b three-
sigma index

moisture content. For this reason, a new set ofmeasurementswas conducted. The time
signals were registered in a dense grid of measurement points defined at the whole
sample surface. Again, the E and three-sigma indexes were calculated. It should be
noted that these measurements were taken after some time, so the moisture content
was slightly different than the results depicted in Fig. 3.88. The new results for the
whole area scan are presented in Fig. 3.89. It can be observed that the dry reference
samples (zero moisture content) differ slightly from each other. This could be caused
by slight differences in surface quality that influence the reflection of the vibrometer
laser beam. However, the more important observation is that the reference sample
results clearly differ from those of the samples with moisture.
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3.7.2.2 Vibrometry Inspection Results for Pilot Level Samples

In the next step, pilot samples were investigated using whole area analysis. The
production samples contaminated with both release agent (RA) and fingerprints (FP)
had a curved shape, so they were measured from both sides. The results for the
convex side are presented in Fig. 3.90. The values for the reference samples do
not differ significantly. The E and three-sigma values for contaminated samples are
dispersed. The II-P-RA1+FP3-2 and II-P-RA2+FP3-2 samples have similar values
as the reference samples. Looking at the results for the concave side, see Fig. 3.91,
it can be noted that the scale is 10 times larger. This could be related to the different

Fig. 3.90 Results of the full-field analysis for the production pilot samples with combined RA+FP
contamination; convex side; a E index, b three-sigma index

Fig. 3.91 Results of the full-field analysis for the production pilot samples with combined RA+FP
contamination; concave side; a E index, b three–sigma index
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Fig. 3.92 Results of the full-field analysis for the repair pilot samples with combined TD+DI
modification; a E index, b three-sigma index

surface quality and shape of this side. The behavior of the reference samples is no
longer uniform. The difference between the reference and contaminated samples is
also not evident.

The pilot samples for the repair user case comprised a mixed modification by
thermal degradation (TD) and de-icing fluid contamination (DI). These samples
were scarfed samples with a smoothly decreasing thickness. They were measured
only from the side with decreasing thickness. The results are depicted in Fig. 3.92.
Apart from the three reference samples, one sample that was only treated thermally
was measured (TD1) for comparison with samples with mixed modification. The
reference samples differ from each other. The TD1 sample result is within the interval
given by the reference sample measurements. There is no clear separation between
the TD1+DIx results and the values for the reference samples.

3.7.3 Final Remarks

In the research reported in this subchapter, the laser vibrometry measurements were
first conducted at points defined along the samples’ diagonal. A signal processing
method was applied that allowed the wavenumber to be extracted as a function of
frequency. Based on this relationship, the wave group velocity was estimated. The
most promising results were observed for the moisture contamination, although the
samples were not fully saturated with moisture. The used approach was local, so
only a limited part of the sample was measured (diagonal measurement). However,
as the waves propagated in the whole sample, the change in the wave field caused by
the surface modification may have been too weak to be noticed after the wave had
traveled a considerable distance (from the transducer to the edges and then to the
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measurement point). Considering that the presence of degradation or contamination
can have a very slight influence on the wave, a new approach was proposed based
on full-field measurements. The time signals were registered in a dense grid of
measurement points defined at the sample surface. It was decided to choose an index
that could give information about the average state of the surface because it was
assumed that the real distribution of the contaminant/degradation is unknown. It
was observed that the samples contaminated with moisture clearly differed from the
reference samples. However, a sensitivity to the moisture level was not observed in
the results. The pilot samples for the production user case were measured from both
sides due to their curvature, and the results obtained for the reference samples on the
convex side were comparable; however, this was not observed for the concave side.
Regarding the contaminated samples, it cannot be clearly stated that they differ from
the referential samples. In the case of the pilot samples from the repair user case, the
reference samples differ from each other. There is no clear separation between the
results for the modified samples and the values for the reference samples. The same
approach applied to the realistic part also showed no sensitivity to the contamination
of the surface. This could be associated with the type of contamination used.

3.8 Laser-Induced Fluorescence (LIF)

In this section, we introduce laser-induced fluorescence (LIF) as a tool for surface
quality assessment and detail how its performance was enhanced in the ComBoNDT
project for the in-process monitoring of CFRP adherends.

3.8.1 Principle and Instrumentation

LIF is a technique based on the analysis of the spontaneous emission of atoms or
molecules excitedwith a laser,whereby the analyzedmaterial can be in the gas, liquid,
or solid-state phase. Typical instrumentation for LIF analysis consists of a laser to
illuminate the investigatedmaterial and a detection system to record the fluorescence.
Depending on the chemical composition of the analyzed material, the laser can be
tuned to match the wavelength to the absorption lines or bands of specified atoms
or molecules, producing an electronically excited state that can radiate. The fluores-
cence emission can be detected using bandpass filters and sensitive detectors, i.e.,
photomultipliers in the case of specified spectral band analysis or monochromators
equipped with sensitive CCD detectors for full spectra recording. Since the fluores-
cence signal is much weaker than the excitation laser radiation, a laser cutoff filter
is recommended in the detection system. The LIF analysis can be provided in two
regimes: (i) the time-integrated mode, in which the spectra are integrated over a long
time—in this mode both CW and pulsed lasers can be used for sample excitation;
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(ii) the time-resolved mode, in which the fluorescence decay is taken into account—
this mode requires a short pulse duration of the excitation laser. The fluorescence
spectrum is usually represented as a combination of vibrational, rotational, and fine
structures, depending on the chemical composition and spectral range. In the case
of composite materials characterized by complex chemical composition, the fluores-
cence bands usually overlap, but subtle changes in the structure of the material can
still be seen as changes in the intensity or profile of the fluorescence spectrum.

The main advantages of the LIF technique are its sensitivity, spatial and temporal
resolution as well as the non-invasive nature of the analysis. Measurements can be
provided for the individual points on the material, or large areas of the surface can
be scanned with a laser to visualize the local structure or composition changes [37].
The analysis does not require sampling, and the measurement can be performed on
the tested object. The detection of kerosene and hydraulic fluid on CFRP surfaces
has been previously reported [38]. Good results were obtained for 266 nm excitation.
In another work [39], three wavelengths were studied (266, 355, and 532 nm). The
detection of hydraulic fluid, release agent, and moisture contaminations as well as
thermal treatment has also been presented. It was shown that at 532 nm, the thermal
treatment can be easily distinguished from the remaining cases. Moreover, it was
shown that samples treated at 190, 200, and 210 °C are characterized by increasing
LIF intensity and can be distinguished from each other and from reference samples.

For the results presented in the next sections of this chapter, the sample excitation
was provided by a CW DPSS Nd:YAG laser operating at 532 nm (Spectra Physics).
The laser power was set to 0.2 W and the laser intensity was 1W/cm2 (5 mm laser
spot diameter). The spectra of the laser-induced fluorescence (LIF) were recorded in
the time-integration mode. The emission spectra were dispersed by a SR-303i 0.3 m
spectrograph equipped with gratings of 600 and 150 grooves/mm and coupled to a
time-gated ICCD camera DH 740 (Andor Tech). Spectra were acquired in the range
of 300–800 nm with resolutions of 0.3 nm or 1.2 nm. An illustration of the setup is
presented in Fig. 3.93.

3.8.2 LIF Results

3.8.2.1 LIF Results on Coupon Level Samples

In the set of coupon level samples, two groups of samples were investigated. The
first examined production-related contaminations of the samples, and the second
focused on repair-related modifications/contaminations of the samples. The sample
set investigated for the production user case comprised three reference samples,
nine samples contaminated with a release agent, nine samples contaminated with
fingerprints (artificial sweat), and nine samples contaminated with moisture. The
sample set investigated for the repair user case comprised three reference samples,
nine thermally degraded samples, nine samples contaminatedwith de-icingfluid, nine
samples contaminated with oily fingerprints (containing Skydrol hydraulic oil), and
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Fig. 3.93 LIF equipment
used for the investigations

six samples with mixed modifications obtained by combining thermal degradation
and contamination with de-icing fluid.

Firstly, the reference samples from both user cases were compared. The fluores-
cence spectra were measured and then the area under the curve (LIF intensity) was
taken for comparison, see Fig. 3.94. The production and repair user case samples
differed significantly. The fluorescence intensity from the surface of the production
samples was four times stronger than for the repair user case, see Fig. 3.95. The
reason for this could stem from the surface preparation. The repair user case samples
were ground down to the fibers in order to simulate the preparation for bonding
repair, while the production user case samples were only slightly ground. Due to
this difference, the modified samples from the repair user case should be compared
with the respective reference samples. An analogous approach should be used for
the production samples.

The results for the release agent contamination are depicted in Fig. 3.95. All the
contaminated samples have a similar intensity to the reference samples. In the case of
fingerprint contamination, the behavior is similar. The results for the contaminated
samples are similar to the reference cases within the boundaries defined by the
standard deviation, see Fig. 3.96. There is no correlation between the LIF intensity
and the release agent or fingerprint contamination level.
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Fig. 3.94 An example of registered LIF spectra

Fig. 3.95 LIF technique: Results for the three reference (RE) samples from each of the two user
cases, namely a production (P) and a repair (R) aeronautical user case, involving flat CFRP coupons
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Fig. 3.96 LIF results for the production (P) user case as obtained for each of the three CFRP
coupons (1, 2, and 3) that had been intentionally treated following a release agent contamination
(RA) scenario at three distinct contamination levels (1, 2, and 3)

The first results for the repair user case are presented in Fig. 3.97 for the de-icing
fluid contamination. These results are characterized by high dispersion (wide stan-
dard deviation bars). Some samples (IR-DI-1-1, 1-3, 2-1, 3-3) are characterized by
significantly low-intensity values, but these do not correspond to the same contam-
ination levels. The LIF intensity for oily fingerprint contamination, see Fig. 3.98
increases with increasing contamination. However, considering the intensity values
for the reference samples, it becomes clear that these are located between the results
for the two highest contaminations levels I-R-FP2-x and I-R-FP3-x. Considering the
results for thermal degradation, a high response is observed at the first level (I-R-
TD-1-x), see Fig. 3.99. This case was achieved by keeping the samples in an oven
at 220 °C. The samples I-R-TD-2-x and I-R-TD-3-x were treated at higher temper-
atures, and there is no correlation between the intensity and the used temperature.
Moreover, the response is very uniform. All six samples have a comparable level of
mean intensity, and the standard deviation is low.

In a previously published work [39], there was a good detection of the thermal
damage scenario with the LIF intensity measurement with 532 nm excitation.
Different levels of thermal treatment correlated with the intensity level. The intensity
value increased with the increasing temperature of the treatment. However, here we
see different behavior. The first important difference is that the new samples (I-R-
TD) were ground down to the fibers, whereby the previously investigated samples
were measured just after the thermal treatment without any surface modification
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Fig. 3.97 LIF results for the production (P) user case as obtained for each of the three CFRP
coupons (1, 2, and 3) that had been intentionally treated following a fingerprint contamination (FP)
scenario at three distinct contamination levels (1, 2, and 3)

[39]. It is possible that the thermal treatment only influenced the surface layer, which
was removed by the grinding, and thus the intensity increase could no longer be
observed. The second important difference is that the I-R-TD-2-x and 3-x samples
were treated at higher temperatures than before. Crucially, the other side of the sample
was not prepared/modified in any way. It was decided to measure this second side
and compare the results with those previously obtained, see Fig. 3.99. The new result
is presented in Fig. 3.100. Again, the highest intensity is observed for the I-R-TD-
1-x samples and, as before, the I-R-TD-2-x and I-R-TD-3-x samples have intensity
values on the level of the reference samples. There is also a clear difference in the
vertical scale between Figs. 3.99 and 3.100. This could be related to the considerable
time interval between these two measurements. Thus, the obtained results suggest
that treatments at 260 and 280 °C have different influences on the sample and that
the LIF intensity is not influenced.

With the knowledge that the 220 °C (I-R-TD-1-x) scenario can be detected and
distinguished, the combinedmodification scenario for the remaining caseswas inves-
tigated. This set was treated at the same temperature and subsequently contaminated
with de-icing fluid. Figure 3.101 presents the results for this new set of samples with
mixed modification (I-R-TD1+DI) in comparison with the clear reference samples
(I-R-RE) and samples that had only undergone thermal treatment at 220 °C (I-R-TD1-
x). The first observation is that the combined modification was detected. It clearly
differs from the reference. The higher level of de-icing fluid (DI-2) contamination
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Fig. 3.98 LIF results for the repair (R) user case as obtained for each of the three CFRP coupons (1,
2, and 3) that had been intentionally treated following a de-icing fluid contamination (DI) scenario
at three distinct contamination levels (1, 2, and 3)

is not related to any increase or decrease in relation to the lower level (DI-1). What
we can observe is that the intensities for the samples with mixed modification have
higher values than for the pure thermal treatment (I-R-TD-1-x). However, taking into
consideration the standard deviations, all the results after modifications (I-R-TD-1-x
and I-R-TD1+DI) lie within the boundaries of standard deviation for the I-R-TD-1-1
sample, see Fig. 3.102.

3.8.2.2 Conclusions

The conducted research showed that the thermal treatment at 220 °C could be clearly
distinguished from the samples based on the intensity measurement conducted on
both sides of the sample. Above 220 °C, the LIF intensity gives results comparable
to the reference samples. No sensitivity to any of the higher thermal treatment levels
was observed. The thermal treatment level could not be determined for 532 nm
excitation. Taking into account the results presented in this paper aswell as previously
published results [39], it can be concluded that thermal degradation up to 220 °C can
be distinguished. Moreover, it was shown that the detection of thermal degradation
at 220 °C was possible even if the surface was subsequently contaminated with de-
icing fluid. The other contaminations investigated in the production and repair user
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Fig. 3.99 LIF results for the repair (R) user case as obtained for each of the three CFRP coupons (1,
2, and3) that hadbeen intentionally treated following afingerprint (with hydraulic oil) contamination
(FP) scenario at three distinct contamination levels (1, 2, and 3)

cases of the ComBoNDT research project did not influence the LIF intensity in a way
that the level of contamination could be distinguished. The results obtained for the
Skydrol (FP) and release agent (RA) contaminations confirm previously published
observations, namely that the LIF intensity observed for 532 nm excitation is not
correlated to the amount of surface contamination. This was also observed for the
realistic aircraft part, see Fig. 3.103.

3.9 Conclusion

We identified, defined, and intentionally implemented pre-bond contamination on
CFRP surfaces in gradational levels. The respective CFRP parts were introduced as
adherends in a qualified bonding process within two user cases involving different
part geometries, namely flat coupons, curved pilot level specimens, and realistic or
real CFRP parts, thereby contributing to the findings reported in Chap. 5. In this
chapter, we described the findings obtained during the surface quality assessment
with the ENDT methods that were advanced in the ComBoNDT research project for
production and repair user cases relevant in aeronautical applications.
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Fig. 3.100 LIF results for the repair (R) user case as obtained for each of the three CFRP coupons
(1, 2, and 3) that had been intentionally treated following a thermal impact (TD) scenario at three
distinct temperature levels (1, 2, and 3)

The in-process monitoring of CFRP composite surfaces was facilitated through
the use of advanced setups and approaches based on the aerosol wetting test (AWT)
performed with an enhanced bonNDTinspect® device by the consortium partner
Automation W+R, optically stimulated electron emission (OSEE) performed by
Fraunhofer IFAM, electronic nose (e-nose) testing performed by ENEA and Airbus,
laser-induced breakdown spectroscopy (LIBS) performed by Fraunhofer IFAM,
Fourier-transform infrared spectroscopy (FTIR) performed by Airbus, laser-induced
fluorescence (LIF) performed by IMPPAN, and vibrometry inspection performed by
IMPPAN.

Advanced ENDT procedures comprising in-process surface inspection with:

• an enhanced setup relying on AWT allowed for a differentiation between the
surface states of clean and intentionally contaminated parts with the potential to
discriminate between distinct levels of contamination for several contamination
scenarios. This technology can be integrated into inline applicationswithoutmajor
constraints.

• an enhanced setup relying on OSEE enabled detection of even small amounts
of filmy contaminations. Therefore, this technique is most suited for specialized
applications that require very clean and homogeneous surfaces.

• two enhanced setups relyingon e-nose provided insight in the approach to combine
custom-made-of-the-shelf (Airsense, Airbus E-Nose) with “open source” from
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Fig. 3.101 The result for the repair user case for the thermal degradation of CFRP coupons;
fluorescence intensity measured on the back face of the samples

scratch developed systems (ENEA). Considering smart sample taking and total
system control seems to be the best path to further advance the sensor system
performance of the e-nose method, which provides possibilities like a combined
modeof operation to detect the chemical surface condition (clean or contaminated)
at the same time as the moisture content.

• an enhanced setup relying on LIBS was used to map out contamination from
coupon level sample to complex-shaped, technologically realistic CFRP parts.
Using this approach, even locally applied contaminants can be detected on large
areas in a realistic production environment.

• an enhanced setup relying on FTIR permitted detection and quantification of
thermal degradation, the amount of moisture uptake inside an assembly, and de-
icing fluid contaminations.

• an enhanced setup relying on LIF allowed for detection of thermal degradation at
220 °C.

• an enhanced setup relyingonVibrometry inspection facilitatedmoisture detection.

In summary, our investigations revealed that in certain scenarios within user cases
relevant for aeronautical applications, the ENDT methods of AWT, OSEE, e-nose,
LIBS, FTIR, LIF, and vibrometry inspection are sensitive to impacts on CFRP spec-
imen surfaces that would induce a bond strength reduction if these CFRP parts were
to be used as adherends in a bonding process. The advanced ENDT methods can,
therefore, be utilized to identify not-in-order (n.i.o.) adherend surfaces and—based
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Fig. 3.102 LIF results for the combined modifications of the surface compared with the thermal
treatment at the first level and referential results

on the findings for design-relevant mechanical adhesive joint properties reported
in Chap. 2—also not-ready-to-bond adherend surface states. In the final research
chapter of this book (Chap. 5), we underline this perception and prognosis with find-
ings highlighting the performance of ENDT for the monitoring of quality-relevant
operand features in adhesive bonding processes involving parts of real aerospace
structures with stringers.
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Fig. 3.103 LIF results of the realistic aircraft part inspection; blue bars correspond to clean areas;
red bars correspond to contaminated areas; the numbers denote the inspected areas
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Chapter 4
Extended Non-destructive Testing
for the Bondline Quality Assessment
of Aircraft Composite Structures

Paweł H. Malinowski, Tomasz Wandowski, Wiesław M. Ostachowicz,
Maxime Sagnard, Laurent Berthe, Romain Ecault, Igor Solodov,
Damien Segur, and Marc Kreutzbruck

Abstract We present the results of extended non-destructive testing (ENDT)
methods for bond line quality assessment in adhesive joints. The results presented
were derived for important application scenarios with regards to aircraft manu-
facturing and the in-service repair of composite structures. The electromechanical
impedance (EMI), laser shock adhesion testing (LASAT), and nonlinear ultrasound
scanning (NUS) were used on flat coupon samples, scarfed samples, and curved
samples. The EMI method applied to the flat coupons showed some relation of the
frequency shift to the level of contamination. For the curved samples, there was
insufficient sensitivity to differentiate distinct levels of contamination, while for
scarfed samples in most cases both detection and distinction were possible. The
LASATmethod gave good results for the coupon samples, which were also in accor-
dance with the results of the GIC and GIIC tests. For coupon samples with multiple
contaminations, we obtained results with varying significance. In the case of NUS,
the measurements revealed an increase in nonlinearity affected by contamination at
the interphase between the CFRP adherend and the adhesive layer for the majority
of scenarios comprising single contamination of flat coupons and scarfed samples.
The effect of multiple contaminations was a decrease in nonlinearity for the curved
samples.
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4.1 Introduction

The merits of lightweight, high-strength composite materials characterized by
unprecedented performance, energy efficiency, safety, and environmental compat-
ibility are widely recognized and applied in many sectors of the economy. The role
of technology in joining and consolidating composite parts and other materials is of
primary importance to provide manufacturing and maintenance flexibility for high-
performance composite components. In this context, the adequate non-destructive
testing (NDT) and non-destructive evaluation (NDE) of interfacial adhesion, which
determines the reliability of a structural bond, has long been considered a challenge
for the NDT/E community [1].

This chapter presents methods for the assessment of the bond lines of aircraft
composite structures, including a description thereof, as well as a discussion of the
results obtained with each method. With regards to potentially suitable methods for
the bond line quality assessment of aircraft composite structures, we have perceived
a considerable advancement over the last decade. From a chronological standpoint,
the research presented in this chapter is a continuation of the studies initiated within
the framework of ENCOMB (extended non-destructive testing of composite bonds
[2], an FP7 EU project. Originally, the idea behind ENCOMB was to screen assess-
ment methods that could be utilized in standardized quality assurance procedures
for bonded aerospace composite structures because, in essence, the NDT methods
currently used in this field are neither sufficient nor reliable for the purpose of certi-
fying bonded composite structures utilized in aerospace structures. This problem
was initiated by the fact that more and more aerospace structures are being manufac-
tured from fibre-reinforced composites, and aerospace engineers are looking for new
methods to join these. The idea was to develop joining methods based on adhesive
bonding, enabling a reduction of the aircraft weight through a reduction or even a
total elimination of riveted joints, which are commonly used in aluminium-based
aerospace structures. We would like to underline here that rivets are also common
in aerospace composite structures, whereby they are joined in conjunction with an
adhesive bond line in order to ensure the reliability of the joint in cases of bond line
failure, an approach that is also referred to as “chicken rivets”. Nowadays, according
to the certification rules for aerospace structures, it is not possible to certify an aircraft
composite structure that includes solely bonded joints (without additional rivets for
safety). This is due to the continuing lack of reliable NDT methods and procedures
for the certification of such structures.

The ENCOMB project screened NDT methods that are able to both assess the
surface of composite structures prepared for adhesive bonding and evaluate weak
bonds in composite structures. The process of adhesive bonding is applied to new
composite parts at the manufacturing level or during a composite repair process.
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Improper preparation of the surface of the adherend (the composite part prepared
for adhesive bonding) is one of the potential sources of a weak bond. Such prob-
lems can be caused by chemical contamination by hydraulic fluids (Skydrol) or
kerosene during the repair process of a composite aerospace structure. The term
weak bond refers to a bond line with reduced strength properties. Another source
of weak bonds could be problems in the curing process of the adhesive caused by
incorrect parameters, such as temperature. In ENCOMBproject, typical scenarios for
aerospace structures were selected and investigated, whereby small, flat carbon fibre
reinforced polymer (CFRP) samples were utilized individually for surface contam-
ination detection and bonded for bond line assessment. In each sample, only one
type of contamination scenario was investigated. Subsequently, the appropriate NDT
methodwas verified for new application areas related to the assessment of bond lines.
Hereby, the following methods were investigated in the ENCOMB project: active
thermography (vibrothermography and with optical excitation), THz/GHz reflec-
tometry, nonlinear ultrasound, ultrasonic frequency analysis, laser ultrasound, laser
scanning vibrometry, and electromechanical impedance. Some preliminary adapta-
tions of NDT methods were made, and these adapted methods are referred to as
extended non-destructive testing methods (ENDT).

In this chapter, we present selected results of the research related to the more
recent and advanced ComBoNDT (quality assurance concepts for adhesive bonding
of aircraft composite structures by advanced NDT) [3] H2020 EU project. This
project is partially a continuation of the ENCOMB project; however, only the most
promising ENDT methods from the ENCOMB project were further investigated,
whereby the following methods are presented in this chapter: electromechanical
impedance (EMI), laser shock adhesion testing (LASAT) and nonlinear ultrasound
scanning (NUS). The research used small, flat CFRP samples with single contami-
nations, but further extended the study to include samples with combined contam-
inations, as well as curved samples and samples with scarfed bonding. Finally,
components of real aerospace structures with stringers were also investigated, and
the respective findings are reported in the next chapter.

The results presented in this chapter were achieved from the research conducted
into the applied ENDT methods. Looking ahead, we would like to highlight that, in
certain scenarios, these methods are sensitive to impacts affecting a bond strength
reduction, and therefore, could potentially be utilized to identify not in order (NIO)
joints during a bond line assessment.

4.2 Electromechanical Impedance

In this section, we will describe the principle and instrumentation of the electrome-
chanical impedance (EMI) method and detail the results recently obtained in the
ComBoNDT project.
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4.2.1 Principle and Instrumentation

The EMI technique utilizesmeasurements of the electrical parameters of a piezoelec-
tric transducer bonded to the surface of the host structure. Due to the electromechan-
ical coupling of the transducer and the structure, the mechanical characteristics of the
structure have an influence on the electrical characteristics of the piezoelectric trans-
ducer. EMI is an active method. The transducer works both as an actuator by exciting
the structure and as a sensor to sense the response in the defined frequency band. Data
analysis for this method is performed in the frequency domain. Adhesive bonds have
already been investigated with the EMI method by embedding a transducer into a lap
joint [4, 5], these investigations were both numerical and experimental, but they have
focused only on aluminium lap joints. Here, we investigate the EMI method in its
application to the adhesive bonds of CFRP composites, whereby some of the initial
results on this topic have been published in [6]. In the research reported here, the
IM3570 laboratory impedance analyzer (Hioki) (Fig. 4.1a) was used and the focus
was mostly on conductance spectra measured up to 5 MHz. The measurements were
performed with a piezoelectric disc transducer that was bonded to the investigated
sample with cyanoacrylate glue (Fig. 4.1b). The disc had a 10 mm diameter and a
0.5 mm thickness and was manufactured by CeramTec (SONOX P502 material). For
the analysis, the root mean square value was calculated for the considered parts of
the spectra, and the location andmagnitude of the resonance peaks were also tracked.

4.2.2 EMI Results

4.2.2.1 EMI Results on the Coupon Level Samples

For the coupon samples, two groups of samples were investigated. The first group
represented production-related contamination of the samples, while the second group
represented repair-related modifications/contaminations of the samples. The sample
set investigated for the production scenario comprised three reference samples, nine
samples contaminatedwith a release agent, nine samples contaminatedwithmoisture,
nine samples contaminated with fingerprints (artificial sweat), and six samples with
a combined contamination of release agent and fingerprints. The sensors were glued
to the middle of the sample surface. After considering the registered spectra, some
of the results were rejected (I-P-RE3, I-P-RA-1-2, I-P-RA-2-3, I-P-RA-3-2, I-P-
MO-2-2, I-P-FP-1-2, and I-P-FP-2-2) due to the different shapes of the spectra. In
a previously reported study referring to samples with moisture, release agent, and
fingerprint contamination, the bandwidth corresponding to the maximum peak of
conductance was inspected [7], whereby the average values of RMS on differential
spectra were also analyzed and no clear sensitivity to the contamination level was
observed. In the research reported here, the measured spectra were inspected and a
local resonancewas identified for the bonded samples in the bandwidth 4.3–4.7MHz.
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Fig. 4.1 Photographs of the experimental setup for the electromechanical impedance (EMI)
measurements; a impedance analyzer and b surface-bonded piezoelectric sensor

Considering the difference in the root mean square (RMS) values, it can be noted
that in this frequency region, an increase in the energy (RMS) value is observed
because all the differential values are non-negative (Fig. 4.2). Next, the location of the
resonance peak in the considered bandwidth was tracked for all samples. In most of
the cases, the peak shifted left. The relative frequency shift between the two reference
samples was only−0.027% (Fig. 4.3). Considering the absolute values, all the results
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Fig. 4.2 Differences of the RMS values of EMI sensors bonded to flat coupon samples and free
sensors for the production scenario

for the contaminated samples lie above this threshold. In general, the frequency
shift increases with the increase of the moisture and fingerprint contamination level.
However, there are some exceptions, such as very low values for the I-P-MO-1-2,
I-P-FP-1-3, and I-P-RA2+FP3-3 samples and a high value for the I-P-FP-1-1 sample.

The sample set investigated for the repair scenario comprised three reference
samples, nine thermally degraded samples, nine samples contaminated with de-icer,
nine samples modified by a faulty curing of the adhesive, and six samples with
a combined contamination of thermal degradation and contamination with de-icer.
After considering the registered spectra, some of the results were rejected (I-R-RE-2,
I-R-TD-1-2, I-R-TD-2-2, I-R-TD-3-3, I-R-FC-3-2, I-R-TD1+DI2-1, I-RTD1+DI2-
2) due to the different shapes of the spectra. Moreover, previous results have shown
that the I-R-TD-3-1 sample was delaminated [8]. The spectra were inspected in the
4.25–4.70 MHz region. A local resonance was observed, except for the sample with
delamination.Thepresenceof this local resonance is indicatedby the increase inRMS
valueswith respect to the free piezoelectric sensors (Fig. 4.4). The resonance location
was trackedwith respect to the I-R-RE-1 sample result. The relative frequency shift is
shown in Fig. 4.5, and most of the samples were characterized by leftward peak shift.
Considering the absolute value, all the samples are above the reference threshold
defined by the I-R-RE-3 result, with the exception of the I-R-TD-2-3 sample. In
the case of the thermal treatment (TD), the increase of the treatment temperature
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Fig. 4.3 Tracking of local EMI resonance in the 4.3–4.7 MHz range; frequency shift calculated in
relation to the I-P-RE-1 sample

Fig. 4.4 Differences of the RMS values of EMI sensors bonded to flat coupon samples and free
sensors for the repair scenario
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Fig. 4.5 EMI conductance peak shift in the 4.25–4.70 MHz range for the flat coupon samples
(repair scenario)

results in an increase of the shift. In the case of the de-icer (DI) contamination,
such dependence was not observed. The most intensive faulty curing was applied
to the I-R-FC-1-x samples, and this was also observed for the results obtained with
the EMI method. The results presented in Fig. 4.5 also show a sensitivity of the
frequency shift to the mixed contamination level. However, these results should be
treated with caution because only one sample (I-R-TD1+DI2-3) at the higher level
of contamination was able to be considered.

4.2.2.2 EMI Results on Pilot Level Samples

In the case of the production scenario, the pilot samples were curved. The inspected
conductance spectrawere different, which should be attributed to the different sample
geometry. No clear appearance of additional resonances was observed. Therefore,
the highest peak in the spectrum was tracked. The frequency shift calculations were
performed in relation to the II-P-RE-1 sample (Fig. 4.6). Four samples were char-
acterized by a rightward shift, while three showed a leftward shift. Considering the
absolute values of the shifts, the difference between the reference samples is 1.71%,
so only three contaminated samples out of the six were above this threshold. The
sensitivity to the contamination level was not clear in the considered case.

The pilot samples from the repair scenario had a scarfed bonding area. The spectra
of free sensors and the spectra after bonding these sensors to the scarfed samples
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Fig. 4.6 EMI conductance local maximum shift in the range of 3–5 MHz for the curved samples

were inspected. The sample II-R-TD1+DI2-2 was rejected from the analysis due to
the different shapes of the spectrum. For the rest of the samples, a local resonance
was observed in the conductance range 3.95–4.15 MHz. In this frequency range,
the root means square values were calculated for both the free sensors (RMSp) and
the samples with bonded sensors (RMS). It was observed that all the differences
(RMS-RMSp) are non-negative (Fig. 4.7). This indicates the influence of the sensor
bonding to the inspected samples. This frequency region was further inspected, and
the frequency shift was tracked in relation to the II-R-RE-1 sample. It can be observed
that there were significant differences between the reference samples (Fig. 4.8a),
which were higher than for the samples with contaminated adhesive bonds. The
changes in the magnitude of this resonance in relation to the same reference sample
are presented in Fig. 4.8b. The magnitude for most of the samples increased, while
in two cases it dropped. In comparison with the reference samples, it can be noted
that the absolute magnitude is higher for all the samples with contaminated bonds,
except for the II-R-TD1+DI1-2 sample. While differences were detected, it cannot
be stated that the contamination levels can be distinguished.
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Fig. 4.7 Differences of RMS values of sensors bonded to scarfed samples and free sensors

4.3 Laser Shocks

In this section, we describe the principle and instrumentation of the Laser Shock
Adhesion Test (LASAT) method and detail the results recently obtained in the
ComBoNDT project.

4.3.1 Principle and Instrumentation

LASAT relies on the recombination of shock waves produced within the tested mate-
rial to generate localized tensile stress. To produce the required shock, a high-power
Nd-YAG laser is used. Its energy often varies between 1 and 40 J, and short pulses
(for 3–20 ns) are necessary to generate the required power density (from 1 to 10
GW/cm2). When the laser reaches the sample surface, a thin layer of the material is
vaporized in dense plasma (within the pressure range of 1–5 GPa). Upon expanding,
this plasma creates shock waves within the material Fig. 4.9. These shock waves
(full lines in Fig. 4.10), followed later by release waves (dashed lines in Fig. 4.10),
travel to the back face of the sample. Once the shock waves reach the back face, they
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Fig. 4.8 a Conductance local maximum shift in the range of 3.95–4.15 MHz for the scarfed
samples; the relative shift was calculated in relation to the II-R-RE-1 reference sample; b change
of the conductance magnitude in the range of 3.95–4.15 MHz for the scarfed samples; the relative
change was calculated in relation to the II-R-RE-1 reference sample
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Fig. 4.9 Generation of shockwaves using a laser

Fig. 4.10 Time/space
diagram describing the shock
wave behaviour within a
material

are reflected as release waves. When the latter intersects the incident release wave,
tensile stress is created (circle in Fig. 4.10).

Studies have shown that it is possible to increase the generated stress by using
the water—as a confinement medium [9]. Hence, stresses can be multiplied by up
to four times for the same laser intensity, allowing less powerful and more compact
lasers to be used for this application.

It is possible to link the laser intensity applied to the surface to the pressure
generated within the material [10]

P(GPa) = 0.01

√
α

α + 3

√
I(GW/cm2

√
Zrel(kgm−2 s−1) (4.1)

where
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• α = part of the energy being used for the gas ionization
• I = laser intensity
• Z = the relative impedance

The relative impedance is a ratio between the material impedance of the sample
(Zsample) and the confinement impedance (Zcon f )

Zrel = 2 × Zconf · Zsample

Zconf + Zsample
(4.2)

Shock generation using a laser was first introduced by Vossen [11] to test the
adherence of thin layers. Following these initial studies, Yuan [12] dealt in depth
with the measurement of the interfacial stresses generated by this technique. More
recently, Boustie [13] and Bolis [14], extended the laser shock technique to thicker
metallic coatings. Gilath was among the first to test bond adhesion using laser shock
generated tensile stresses [15]. Later, compositematerials [16] and bonded composite
materials [17] were also studied using the Laser Shock Adhesion Test.

Beginning in 2010, the ENCOMB project aimed at the development of new
Non-Destructive Tests (NDT) that are capable of assessing the strength of bonded
composite structures, and LASAT showed great promise in the detection of weak
bonds and had the advantage of being contact-free. However, there was a major
drawback: the rear part of the composite structure can be damaged within the range
of laser intensity used to test the bond strength.

Based on the results of the project, three new configurations were proposed to
control the tensile stresses inside the material by adjusting a temporal parameter of
the laser:

• Variable laser pulse duration [18] (Fig. 4.11a);
• Double front face shocks [19] (Fig. 4.11b);
• Symmetrical laser shocks (Fig. 4.11c).

Fig. 4.11 LASAT optimisations: a variable laser pulse; b double shock; and c symmetrical shot
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Fig. 4.12 Symmetrical LASAT: a without time delay and b with time delay

The symmetrical laser shock was implemented for ComBoNDT. The secondary
tensile stress area, which is similar to that found in the single shot setting, is still
noticeable (blue circles in Fig. 4.11c). However, in the symmetrical configuration,
an even higher tensile stress area is located where both reflected shock waves cross
(red circle in Fig. 4.11c). The position of this stress depends only on the time delay
between both shots (Fig. 4.12).

For a given location A, the time delay can be calculated using the following
equation:

�T =
∑
i

tli × ρli

Zli
−

∑
j

trj ×
ρrj

Zrj
(4.3)

where tli represents the thickness of a layer situated to the left of A, ρli is its density,
and Zli is its impedance. In the same way, each variable with the index letter “r”
refers to the right part of A.

4.3.1.1 Instrumentation and Method

Figure 4.13 describes the different steps of a LASAT procedure. It starts with the
characterization in situ of the bond and the material properties of a reference sample.
This initial step serves two purposes, namely finding the bond threshold and gathering
the material data. Using these data, a series of numerical simulations are performed
to optimize the laser parameters of intensity, time delay, and focal spot size. The
sample is then prepared with an aluminium tape applied to both areas where the laser
shot will occur. The tape serves as a sacrificial layer, preventing the sample from
being ablated by the laser. It also ensures good repeatability of the shots. Indeed,
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Fig. 4.13 Laser shock adhesion test methodology

the generated plasma significantly depends on the laser/matter interaction. By only
using aluminium as a protective sacrificial layer, all parameters are fully controlled
during the laser shot process.

The laser intensity is set to a percentage of the bond threshold found during the
first step. In the aeronautical industry, a bond is considered faulty or weak if its
adherence is below 80% of the nominal adherence defined in the specifications.

Once all the parameters are set, the laser shot occurs. If the bond is weak, the high
tensile stress generated on the bond will create a small gap at the interface between
the composite and the joint. This can be detected using ultrasound scanning, a reliable
method that is often used to reveal these kinds of defects.

If no damage is spotted, then the sample is considered sound and has passed
the test. Otherwise, the bond shows weakness and does not follow the specifications,
meaning the component cannot be used and has to be replaced. Thus, this technology
is only destructive when the tested part is not in accordance with the specifications.
If the part is sound, it can be used as it is.

4.3.1.2 Description

LASAT is currently performed on the Hephaistos platform (Fig. 4.14). This facility
consists of a high-power GAÏA laser (Fig. 4.14a), which has the particularity of
consisting of two different lasers, with the beams being polarized from one another
by 90°. Three different platforms are currently powered by the laser: one for laser
shock peening studies, one for single shot LASAT, and one for symmetrical LASAT.
The final one (Fig. 4.14b) uses a polarizer that, due to the two different polarisations,
splits the main beam into two different laser beams (beam A and beam B). Using
mirrors and lenses, each ray is then carried to the prepared sample (Fig. 4.14c).

In order to ensure a good control over the pressure spatial repartition, Diffractive
Optic Elements (DOE) are added to both beam paths. These optics smooth the focal
spot, creating a homogeneous focal spot on the sample (Fig. 4.15).
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Fig. 4.14 Hephaistos facility: a GAÏA laser from Thales; b symmetrical experimental setup;
c sample setup with water confinement and the protective aluminium tape

Fig. 4.15 DOE: a focal spot exiting a DOE and b light repartition over the focal spot

A series of 20 shots were realized for 11 different laser intensities, ranging from 5
to 100%of themaximum intensity. The standard deviation for each intensity levelwas
less than 1%, meaning that each shot is reproducible and can be used for comparison
purposes.

As specified earlier, ultrasound scanning is required to examine the structure after
the laser shock. These are calibrated while the reference sample is being studied
in situ to obtain the material data. In the case of composite layer bonding, ultrasound
is needed to find the signature of the front face (blue in Fig. 4.16), the bond (yellow
in Fig. 4.16), and the back echo (green in Fig. 4.16).

Before shooting the sample, a simulation must be run to optimize the laser param-
eters, whereby the position and width of the maximum tensile stress are analyzed
and modified if necessary (Fig. 4.17). The challenge of such numerical calcula-
tions resides in the simulation of the high strain rates generated by the technology
(∼107 s−1). Because the material used is orthotropic, it is not possible to describe
the state of the matter using an equation of state, as is usually done with isotropic
materials. The simulation of damage also requires more advanced laws to take into
account the different damaging modes of composite materials.
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Fig. 4.16 In situ studies: a reference ultrasound of the benchmark structure and b photomicrograph
of the benchmark structure

Fig. 4.17 Finite element simulation of a laser shock

4.3.2 Laser Shock Results

4.3.2.1 Laser Shock Results on Coupon Level Samples

Prior to the large-scale experiments, an initial study was performed to assess whether
ultrasound scanning is efficient enough to spot a defect created with a laser shock.
Each couponwas divided into 16 different areas, whereby the laser intensity (ranging
from 5 to 95%) was raised from one area to the other. The first area to be opened
defined the sample’s bond threshold (red circle in Fig. 4.18a). This was followed by
a study in which both the first opened area and the one preceding it (red circle in
Fig. 4.18b) were cold mounted and examined using optical microscopy.

In each case, the initial default was located on the bond, and none of the composite
laminatewas damaged.This study also showed that a defect detected using ultrasound
scanning (Fig. 4.18c) can be confirmed by a direct inspection through photomicro-
graphs (Fig. 4.18b). These results lead to the conclusion that ultrasound scanning is
a reliable technique to reveal defects generated using laser shocks.
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Fig. 4.18 a Shot layout over a coupon sample; b photomicrograph of an open bond; c related
B-scan

Several procedures can be used to assess bond strength using LASAT. In this
study, one specific area was subjected to incremental laser intensity. After each shot,
an ultrasound scan was performed to verify whether or not the bond had failed at this
given intensity. If it broke, then that energy was assumed to be the bond threshold
for that sample. On the other hand, if it remained intact, the energy was increased.
Samples representative of both the manufacturing and the repair scenarios were
tested. In each case, the reference sample sets the standard bond threshold. When
testing a contaminated sample, if the threshold found was to be lower than the stan-
dard one, the LASAT was considered successful. The results for the manufacturing
samples are summarized in Fig. 4.19.

Each bar represents the energy required to open the bond. The reference sample is
presented in blue, while orange is the sample from the release agent contamination,
green represents themoisture contamination, and yellow is for thefingerprint contam-
ination. The red line represents the scanning intensity. If these samples were from
an actual component, then this intensity should be chosen to assess whether or not a
bond isweak. Every sample that fail before this point should be consideredweak. The
LASAT successfully differentiated eight out of nine contaminated samples. The only

Fig. 4.19 Summary of results for the manufacturing samples



4 Extended Non-destructive Testing for the Bondline … 241

Fig. 4.20 Summary of the results for the repair samples

sample with the same intensity as the reference sample was the one with the highest
moisture contamination. It has already been observed that following an increase in
water intake, an epoxy-based adhesive bond can have a higher mechanical strength
than a non-contaminated bond [20]. Since the bond was mechanically tested, this
result is in accordance with the literature. The repair scenario samples also showed
good results for the LASAT (Fig. 4.20). The reference sample is again represented in
blue, while the results for the de-icer are in orange, those for the thermal degradation
in green, and the samples for the false curing are in yellow. For the first two contam-
ination types, the different levels of contamination could be detected, especially for
the thermally degraded sample, whereby each level of contamination has its own
threshold. The results are not as clear for the faulty curing. This type of contamina-
tion is not easy to control, and these samples had already shown delamination before
any test was performed on them. Even though two out of three samples were shown
to be contaminated, this is hard to state conclusively given the initial state of the
tested samples.

It has also been observed that the repair reference sample and the production refer-
ence sample had different bond thresholds, namely 0.99 GW/cm2 for the production
scenario and 1.15 GW/cm2 for the repair scenario. Photomicrographs taken from
both bonds revealed a different crack pattern Fig. 4.21.

As the repair samplewas grounddown to thefibre before the epoxy-based adhesive
was applied, the cracks tended to propagate within the bond. Meanwhile, for the
production sample, a thin layer of prepreg matrix was still present, and it was noticed
that the crackmainly propagated along the interface between the bond and the prepreg
matrix. Studies have already shown that the interface strength can be higher than
the actual mechanical strength of the glue [21]. One of the explanations for this
behaviour was the difference in surface tension between the prepreg matrix and the
actual composite fibre, which may have led to a different bond quality with the
FM300 used for the joint.
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Fig. 4.21 Photomicrographs: a production sample and b repair sample

To conclude, the LASATgave good results for the coupon samples, and thesewere
in accordance with the results found during the GIC and GIIC tests [22]. In certain
cases, the test was also able to identify the different levels of contamination.

4.3.2.2 Laser Shock Results for the Pilot Level Samples

Three different scenarios were tested for the pilot samples: multiple contaminations,
scarf bonding, and curved samples.

The results are mixed for coupon samples with multiple contaminations
(Fig. 4.22). The LASAT did not differentiate production samples with multiple
contaminations from the reference sample, sample, and the intensity required to
open the faulty joints was the same as for the standard. The results are also hard
to explain in the repair scenario. The technology detected the least contaminated
sample but was unable to clearly detect the most contaminated sample. However, the
same contaminations on the scarfed samples showed much better results (Fig. 4.23).
In this case, the LASAT technology was effective at differentiating a sound bond
from a weak one. The difference between the results for the coupon samples and the
scarfed samples is not yet fully understood; the bond geometry may have played a

Fig. 4.22 Summary of the results of multiple contaminations on coupon samples for a production
samples and b repair samples
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Fig. 4.23 Summary of the results for multiple contaminations on scarfed samples

part in the crack detection/propagation within the contaminated samples. This tech-
nology also heavily relies on a standard sample, and the reference used for the coupon
samples may have been produced with different parameters. Furthermore, the curved
samples were highly porous and did not follow the specifications. Therefore, no rele-
vant conclusion can be derived from the results and further study is required in order
to draw decisive conclusions for these samples.

4.4 Nonlinear Ultrasonic Technique

In this section, we describe the principle and instrumentation of the nonlinear ultra-
sonic technique (NUS) and detail the results recently obtained in the ComBoNDT
project.

4.4.1 Principle and Instrumentation

Conventional ultrasonic NDT instruments used in industry and technology make
use of the so-called linear elastic response of materials, which results in ampli-
tude and phase variations of the input signal due to its interaction with any defects
present. The nonlinear approach to ultrasonic testing involves the nonlinear mate-
rial response related to the frequency changes of the input signal. These spectral
changes are caused by the nonlinear dynamics of solids, which range in scale from
the inter-atomic level for perfect materials to meso- and macro-scale nonlinearity
for damaged areas [23–25]. In many cases, monitoring material nonlinearity directly
reveals vulnerable areas within a material or product with sensitivity far superior
to traditional ultrasonic inspection methods [26]. Numerous studies have confirmed
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that the increase in nonlinearity is closely related to a “softening” of the material
due to, e.g., fatigue, cracking, and internal interfaces. This also correlates with the
general characteristic of acoustic nonlinearity that is related to the thermal expansion
of the material, which is negligible for stiff materials and increases significantly for
soft solids [27].

A conventional method to evaluate nonlinearity in composite coupons is based on
the second harmonic measurements for propagating plate (Lamb) modes [28, 29].
The approach proposed in this research makes use of a local nonlinear response of
the adhesive bond. A contaminated bonding layer with weaker adhesion is supposed
to have a higher nonlinearity that enables the difference in bonding quality to be
recognized, evaluated, and visualized.

The nonlinear technique is based on the local generation of high amplitude vibra-
tions and the detection of the higher harmonics in the excitation area. Commercial
piezo-actuators (isi-sys GmbH, Germany) with a frequency response extending from
the low kHz into the high kHz range (above 100 kHz) were used in the experiments.
The actuators were driven by a CW voltage generated by an HP 33120A arbitrary
waveform generator and were vacuum-attached to one of the sides of the sample,
while nonlinear vibrations were measured on the opposite side. The generator was
combined with a HVA-B100 amplifier to result in a 10–40 V input amplitude for
the piezo-actuator. To measure and analyze the frequency content of the vibrations
generated locally in the excitation area, a scanning laser vibrometer (SLV, Polytec
300) operating in the vibration velocity mode with a maximum frequency bandwidth
of 1.5 MHz was used.

The dynamic range of the SLV measurements (100–120 dB) lies well beyond the
level of nonlinear frequency components. In the experiments, the vibration amplitude
was measured as being in the range of (4−5) × 10−8 m, thus the local strain that
developed directly in the excitation area was approx. 10−5. This strain is sufficient
for the manifestation of noticeable local nonlinearity in composite materials.

To avoid an impact of reflections on the local vibration in the excitation area, the
edges of the samples were covered with a dissipative material and a high vibration
frequency was chosen (49 kHz). With these precautions, the spectra and temporal
patterns of the vibrations were measured directly in the acoustic source area (a circle
with approx. 5 mm radius), whereby plate wave propagation was not yet involved.

Each value for the fundamental frequency vibration velocity (v0) and the higher
harmonic components (vn) measured in the probing area was used for the evaluation
of the nonlinear ratio

Ni =
∑
n

v2n
v20

(4.4)

An average value of the nonlinear ratio in the probing area was then calculated
with



4 Extended Non-destructive Testing for the Bondline … 245

N =
m∑
i=1

Ni

m
(4.5)

where m is the number of measurements; the standard deviation of the results was
estimated

�N =
√√√√ m∑

i=1

(Ni − N )2

m(m − 1)
(4.6)

The measurements were repeated at various points over the central part of the
sample to provide the relative error �N/N ≤ 10−20%.

The nonlinear ratio Ni is part of the vibration energy (∼v20) converted into the
higher harmonics (∼v2n) so that it clearly quantifiesmaterial nonlinearity. To avoid the
influenceof the amplitude-dependent effects in the estimationof thenonlinear ratioN,
the amplitude of the input voltage of the transducer was kept constant (20 V) over the
course of themeasurements. As a result, in all the samples measured the fundamental
vibration amplitude was virtually constant within an approx. 10% deviation.

4.4.2 Nonlinear Ultrasonic Technique Results

4.4.2.1 Nonlinear Ultrasonic Technique Results for Coupon Level
Samples

For the production scenario, the following kinds of contaminants were studied:
release agent (RA), fingerprint (FP), and moisture (MO). The repair scenario inves-
tigations comprised a de-icing fluid (DI) contamination, thermal degradation (TD),
and faulty curing (FC). For each type of contamination in both scenarios, a set of three
samples for every level of contamination was prepared to provide reliable statistics.
The results of the measurements and calculations of N for all samples (30 repair
scenarios [9 I-R-TD, 9 I-R-DI, 9 I-R-FC, 3 I-R-RE] and 30 production scenarios [9
I-P-MO, 9 I-P-RA, 9 I-P-FP, 3 I-P-RE]) are plotted in Figs. 4.24–4.31 to trace the
impact of the contamination level (numbers 1, 2, 3) for a particular sample index (−1,
−2,−3), whereby the level of contamination increases as the level number increases.
For the reference samples free from any contamination, the average values of N (AV)
were also calculated.

As shown in Figs. 4.24 and 4.25, the reference samples revealed the minimum
values of N ≈ 3. The contamination of the adhesive noticeably increased the nonlin-
earity for all samples by 1.5–2 times. The maximum nonlinear ratio N was obtained
for the sample TD 3-2 (N = 50± 6 [here and below in 10−3 units], outside the scale
in Fig. 4.26). In this sample, the Ni values were found to depend on the position
of the measurement point. This fact, along with the anomalously high value of the
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Fig. 4.24 Non-linear ratios
for the reference samples of
the repair scenario

Fig. 4.25 Non-linear ratios
for the reference samples of
the production scenario

nonlinear ratio, indicates the presence of local delamination in the sample induced
by thermal activation, which was also verified with conventional (linear) ultrasonic
testing [8].

For the contamination types TD, RA, FP, DI, and FC, the material nonlinearity
increased with the increase in the level of contamination (Figs. 4.26, 4.27, 4.28, 4.29,
4.30, and 4.31). For each type of contamination, the values of N changed noticeably
with a variationof the contamination level,which indicates a sensitivity to the changes
in the thin boundary layer between the adhesive and the adherends. According to the
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Fig. 4.26 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the TD level of
contamination

Fig. 4.27 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the RA level of
contamination

measurement results, the sensitivity of the nonlinear method is, therefore, sufficient
to recognize the effect of contamination of the adhesive bonding.

The overall results for the nonlinearity variation for single contaminations are
summarized in Figs. 4.32 and 4.33. Here, the average values of the nonlinear ratios
are calculated for each group of samples with presumably the same level of contam-
ination (groups 1, 2, 3) along with the average values for the reference samples.
These data can be used to explicitly trace the nonlinearity behaviour as a func-
tion of the contamination level for each type, as well as between different types of
contamination.

To correlate particular variations in N with the strength of bonding as a function
of the level of contamination, we refer back to the introduction to this chapter, where
it was mentioned that the increase in nonlinearity is related to a “softening” or weak-
ening of the material. A similar conclusion can be drawn based on the calculations of
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Fig. 4.28 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function of
the DI level of contamination

Fig. 4.29 Nonlinearity of
each of the three samples
(−1, −2, −3) as a function
of the FP level of
contamination

the stress–strain relations for the adhesive layer [30], which shows that this softening
of the boundary layer increases its nonlinear response.

This fact goes some way towards explaining the lowest values (N ≈ 3) of the
nonlinear ratios in the reference samples in Figs. 4.32 and 4.33; being free from any
contamination, they are supposed to manifest the highest bonding strength. From
this viewpoint, the strongest decrease in bonding strength was caused by the level 3
TD contamination (average value N = 239, outside the scale in Fig. 4.10). A similar
(but somewhat lower) decrease in bonding strength was also recognized for the level
3 DI (N = 7.10.6), FP (N = 5.60.3), RA (N = 6.40.9), and FC (N = 7.71.6)
contaminations (Figs. 4.9 and 4.10). The MO case is not so convincing as, with
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Fig. 4.30 Nonlinearity of each of the three samples (−1, −2, −3) as a function of the FC level of
contamination

Fig. 4.31 Nonlinearity of each of the three samples (−1, −2, −3) as a function of the MO level of
contamination

the exception of an abrupt kick for sample MO1, the nonlinearity did not change
noticeably, so N ≈ 5 for all levels of contamination.

The effect of the combination of contaminations was studied for 12 multi-
contaminated flat CFRP samples, using two combinations of single contaminations:

– A constant low-intensity thermal degradation (TD1) with two different moderate
amounts of de-icer (DI1, DI2) contamination applied to the surface prior to
bonding.

– Two different amounts of release agent (RA1, RA2) and a constant high amount
of fingerprint (FP3) contamination applied to the surface prior to bonding.
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Fig. 4.32 Average nonlinear ratios as a function of the contamination levels for the samples of the
production scenario

Fig. 4.33 Average nonlinear ratios as a function of the contamination levels for the samples of the
repair scenario

The results of the measurements are shown in Figs. 4.34 and 4.35 along with the
values of N averaged separately over the groupswith the same level of contamination
(RA1 and RA2 in Fig. 4.34; DI1 and DI2 in Fig. 4.35). As shown in Fig. 4.34, the
addition of a low amount of RA1 to highly contaminated FP3 samples had virtually
no impact on the nonlinearity of the laminate, and the average value of N for FP-
3+RA-1 (5.8±0.4) stayed very close to the N values that were previously measured
for the single FP3 contaminated samples (5.6±0.3), as shown in Fig. 4.32. However,
the increase of the RA contamination level to RA2 enhanced the nonlinearity of the
laminate noticeably, so that the average value N for FP-3+RA-2 in Fig. 4.34 is
6.9 ± 0.4.

A similar effect of the increase of nonlinearity was observed when increasing
the level of DI contamination in combination with TD-1 (Fig. 4.35). The addition
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Fig. 4.34 Nonlinearity of
contaminated FP3 samples
(−1, −2, −3) additionally
affected by two levels of RA
(RA1 and RA2)
contaminations

Fig. 4.35 Nonlinearity of
contaminated TD1 samples
(−1, −2, −3) additionally
affected by two levels of DI
(DI1 and DI2)
contaminations

of DI-1 left the average value of N for TD-1 (4.5 ± 0.9; see Fig. 4.33) unchanged
within the margin of error, namely 4.9 ± 0.6 (Fig. 4.35). A moderate level of DI-2
enhanced the nonlinearity level of the laminate substantially, whereby the N for DI-
2+TD-1 increased to 6.1 (Fig. 4.35). Both combinations, therefore, demonstrated a
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cumulative decline in the adhesion between flat coupons caused by the increase of
the DI and RA contaminations.

4.4.2.2 Nonlinear Ultrasonic Technique Results on Pilot Level Samples

The nine scarfed samples studied comprised three reference samples (without
contamination) and samples with a low level of thermal degradation (TD-1) and two
different levels of de-icer contamination (DI-1 and DI-2) applied to the surface of the
laminates prior to bonding. These sampleswere glued at a slant in an attempt tomimic
the repairing of composite components in practice. The results of the measurements
are presented in Fig. 4.36.

For two sets out of the three samples measured, the experimental data demon-
strated an increase in the nonlinearity caused by the contamination in comparison to
the reference samples (sets 1 and 3; Fig. 4.36). The nonlinearity of sample set 2 did
not change within the margin of error. A particularly strong effect of contamination
was observed for sample set 3 (approx. 150% increase in nonlinearity). The effect
of the increase of the level of DI contamination was not as noticeable, as was also
the case in the adhesion of conventional flat laminates (see Fig. 4.33), whereby the
average N values practically did not change between DI-1 and DI-2 (Fig. 4.36). This
behaviour shows that even a moderate amount of DI leads to major deterioration of
the adhesive properties, while a further increase of the contamination level does not
substantially further affect the bonding strength.

Fig. 4.36 Nonlinearity of
three sets of scarfed samples:
reference and TD1 (−1, −2,
−3) affected by two levels of
DI (DI1 and DI2)
contaminations
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Fig. 4.37 Nonlinearity of
three sets of curved samples:
reference and FP3 (−1, −2,
−3) affected by two levels of
RA (RA1 and RA2)
contaminations

The nine production samples (curved) comprised three reference samples (without
contamination) and six samples with a constant high level of fingerprint contami-
nation (FP-3) along with two different moderate levels of release agent (RA-1 and
RA-2) applied to the surface of the laminates prior to bonding. The results of the
measurements are shown in Fig. 4.37.

All three sets of curved samples reliably indicated a decrease in the nonlinearity
(and therefore, a strengthening of the bonds) induced by the contamination, whereby
the highest values of N were observed for the reference samples. For sample sets 2 and
3, the decrease caused by the contamination resulted in very lowvalues comparable to
thosemeasured for flat non-contaminated samples.Unlike similarly contaminatedflat
coupons (Fig. 4.34), the nonlinearity further decreased (strengthening of the bonds)
as soon as the contamination level increased from RA-1 to RA-2. An interpretation
of this unconventional behaviour would need to involve more detailed information
on the technology and process of adhesive bonding for the curved sample, including
data on the internal stresses in the laminate.

4.5 Conclusion

In this chapter, we highlight the relevance and performance achieved when applying
extended non-destructive testing (ENDT) methods for the bond line quality assess-
ment of adhesive joints. For important application scenarios with regard to aircraft
manufacture or the in-service repair of composite structures, the in-process moni-
toring of CFRP composites is facilitated through the use of advanced setups and
approaches based on electromechanical impedance (EMI), laser shock adhesion
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testing (LASAT), and the nonlinear ultrasound method (NUS). Adhesive joints in
the shape of flat coupons, scarfed samples or curved samples were investigated
and correlations with the results from assessing design-relevant joint features were
demonstrated for the obtained ENDT datasets.

The EMI method enabled differentiation of the reference samples from the
contaminated samples in the production scenario. This was possible for the flat
samples. In case of moisture contamination, the increasing frequency shift correlates
with the contamination level. Due to the different geometry of the curved samples,
another bandwidth was analyzed and a clear differentiation between the reference
and contaminated samples was not possible. In the case of the repair scenario, this
technique enabled the detection of almost all the flat samples with modifications.
The numerical parameter for comparison was defined after inspecting the spectrum
of each sample and also of the free sensors. In the case of thermal degradation and
faulty curing, the highest level of modification was easily detected. This was also
possible for the combined contamination case. In the case of scarfed samples, the
detection of four out of five samples was possible. However, the sensitivity to the
level of contamination was not obvious.

The LASATgave good results for the coupon samples, and these are in accordance
with results found during the GIC and GIIC tests. It was also possible in certain cases
to identify the different levels of contamination. The LASAT did not differentiate
the samples from the production scenario with multiple contaminations from the
reference sample. The intensity required to open the faulty joints was the same as
that for the reference. The results are also hard to explain for the repair scenario,where
the technology detected the least contaminated sample but was not able to clearly
detect the most contaminated sample. However, the same contamination on scarfed
samples showed much better results, whereby the LASAT technology was effective
at differentiating a sound bond from aweak one. The difference between the results of
the coupon samples and those of the scarfed samples is not yet fully understood. The
bond geometry may have played a part in the crack detection/propagation within the
contaminated samples. Furthermore, this technology heavily relies on the standard
sample, whereby the reference used for the coupon samples may have been produced
with different parameters. Further studies need to be conducted in order to draw
conclusions from the results for these samples. The curved samples were also highly
porous and did not follow the specifications. In summary, no relevant conclusion can
be drawn from these particular results.

The nonlinear measurements revealed an increase in the nonlinearity caused by
contamination of the adhesive layer for most single contamination types. For each
contamination type, the values of the nonlinearity ratio N changed noticeably with a
variation of the contamination level, which indicates a sensitivity to the changes in
the thin boundary layer between the adhesive and the adherends. According to the
measurement results, the sensitivity of the nonlinear method is, therefore, sufficient
to recognize the effect of contamination on adhesive bonding. For the contaminations
types TD, RA, FP, DI, and FC, the material nonlinearity increased with the increase
of the level of contamination. Since nonlinearity increases due to a “softening” of
the material, an increase in N is an indication of a weakening of the adhesive bond.
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The effect of multiple contaminations was studied for the FP3+RA and TD1+DI
contaminations. Both combinations demonstrate a cumulative decline of the adhesion
between flat samples caused by the increase of the DI and RA contaminations. In
scarfed samples, the effects of multiple contaminations TD1+DI similarly led to an
increase in nonlinearity,which indicates a decline in bond quality.However, the effect
of an increase in the level ofDI contaminationwas not as noticeable, aswas the case in
the bonding of conventional flat samples. This behaviour shows that even a moderate
amount of DI leads to major deterioration of the adhesive properties, while a further
increase of the contamination level does not affect the bonding strength substantially.
The effect of multiple contaminations offers a somewhat different result for curved
CFRP laminates, whereby all three sets of curved samples studied reliably indicated
a decrease of nonlinearity (and therefore a strengthening of the bond) induced by the
contamination. The interpretation of this unconventional behaviour should involve
detailed information on the technology and the process of adhesive bonding for
curved samples, including data on the internal stresses in the laminate.

In summary, our investigations reveal that in certain scenarios the ENDTmethods
EMI, LASAT, and NUS are sensitive to impacts affecting a bond strength reduction
and can, therefore, be utilized for identifying not in order (NIO) joints during bond
line assessment. In the final research chapter of this book, we will underline this
perception and prognosis with findings highlighting the performance of ENDT for
the monitoring of quality-relevant operand features in adhesive bonding processes
involving parts of real aerospace structures with stringers.
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Abstract This chapter highlights two advances towards a higher maturity of versa-
tile extended non-destructive testing (ENDT) procedures. Full-scale demonstration
tests are presented in realistic user application cases that involve typical production
or repair scenarios. Subsequently, the investigations used to assess the probability
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of detection (POD) are detailed for the respective ENDT processes and application-
relevant scenarios in a realistic environment. Although some results indicated that
some additional in-depth investigations would be even more enlightening, these
demonstrations still clearly showed that developments and progress described in
the previous chapters have enabled some of the technologies to achieve a maturity
that is sufficient to proceed towards industrial implementation. Some ENDT tech-
niques revealed the presence of contaminants on real structural parts with unknown
contaminant amounts. For the first time, POD results obtained for ENDT investiga-
tions are presented. SomeENDTprocedures permitted POD results to be obtained for
several scenarios, while others showed technologically relevant POD only for certain
scenarios. For two ENDT techniques, determining the POD helped to enhance the
respective testing and evaluation procedures. In most of the cases, it was possible
to estimate a preliminary quantification of POD by giving the POD90/95. For some
techniques, this value was below the lowest contamination degree.

Keywords Full-scale demonstration tests · Realistic scenarios · CFRP repair ·
Probability of detection (POD) · Bonding assessment

5.1 Introduction to the Full-Scale Demonstration Event

In the previous chapters, after providing an introduction to extended non-destructive
testing (ENDT) and quality assessment (QA) in adhesive bonding processes rele-
vant to the manufacture or repair of composite structures, we detailed the advances
achieved so far, e.g., in the European joint research projects ENCOMB and
ComBoNDT. We highlighted substantial technical progress under the framework of
laboratory-scale investigations and inferred that it promises to facilitate the imple-
mentation of procedures to reach a technology readiness level (TRL) enabling
their application in field-level sensing systems within industrial adhesive bonding
processes used for the manufacture or repair of joints, including those based on
CFRP adherends.

In this chapter, our objective was to test each EDNT technique in a real-world
environment—outside the laboratory—and on realistic parts. Within the framework
of theComBoNDTproject, this final testwas used to assess the technologicalmaturity
with regard to aeronautical applications. It is a demonstration considered to be as
close as possible to real industrial processes, and we consider the results highly
representative.

To this end, as part of the ComBoNDT project [1], we organized a “Demonstra-
tion Days” week in Bremen at the Fraunhofer IFAM site, which offered a dedicated
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Aeronautics, University of Patras, 26500 Patras, Greece
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environment. Using a teamwork approach, the partners transported their individual
mobile setups to Northern Germany, thereby moving them out of their base labora-
tory. The Fraunhofer IFAM site was a suitable location for the demonstration because
it provided each partner with logistical and automatization capabilities. The avail-
able equipment included facilities for the preparation of industrially relevant bonded
composite parts, which involved the intentional application of contaminants—an
obligatory step in the bonding process of the demonstration.

The demonstration consisted of a set of process steps performed by different actors
in a coordinated manner that was designed to be as linear as possible. Our basic idea
was to have—in the same place and at the same time—all the steps of a technologi-
cally relevant bonding process, either in production or in repair, that closely followed
industrial processes. To give our readers a rough outline of the complex procedure,
we ensured that the assessed panels were first prepared for bonding using an appro-
priate cleaning process before being partially contaminated. Then, we applied the
first batch of ENDT tools to perform the steps of the monitoring process, specifically
those dedicated to adherend surface quality assessment. Afterwards, we conducted
the adhesive bonding operations and performed post-bonding characterization using
the second batch of ENDT techniques.Wewould like to highlight that these full-scale
tests also acted as a blind test or round-robin test because the applied contamination
degree was neither checked using laboratory-based reference analysis nor communi-
cated to the inspection specialists. This holds true for both the production and repair
panels assessed here.

In this chapter, we describe the performed full-scale tests. First, we present the
parts produced or recovered for this demonstration. Then,we describe the preparation
of the respective panels for testing, whereby the panels for the production user case
and the selected repair user case are addressed separately. In the latter case, the
performed scarfing is described in addition to the contamination preparation, while
the respective bonding process is presented for both applications. The ENDT results
are then given for each panel, starting with the surface quality control and following
this with the bonding assessment. Thus, the chapter is organized following a real
implementation scenario, as explained in the previous paragraph. Finally, we present
a summary of the full-scale demonstration.

Aiming for quantitative evaluation, we also give some initial elements on the
probability of detection (POD) in this chapter. This method is used systematically
in aeronautics to assess the detection capability of conventional NDT approaches. In
this respect, we usedCIVA software for some of the analytical ENDTdata gathered at
the coupon specimen level (described in more detail in Chaps. 3 and 4, respectively)
to model the obtained POD curves.

Finally, a few words on project dissemination are given to conclude the chapter.
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5.2 Setup of the Full-Scale Demonstration: Materials,
Workflow, and Operations

This section describes the planning and implementation of all the operations neces-
sary to conduct the full-scale demonstration. The emphasis hereby is on the provision
of the materials, the applied workflow, and the operational sequence. As previously
highlighted, all three aspects were maintained as close as possible to a sequential
industrial process. Almost all the ENDT techniques were available and employed on-
site during the three-day demonstration period. In exceptional cases, further ENDT
investigationswere conducted elsewhere,whereby either all the panels or one specific
panel were sent to the respective partner lab to perform the testing there.

5.2.1 Providing Real and Realistic Parts

In the following, we detail the geometry and composition of the realistic parts used
for the production user case and the real parts employed for the repair user case
within the ComBoNDT joint research project.

5.2.1.1 Manufacturing of a Flat Panel for the Production User Case

We designed a panel representing a wing application for the production user case
with the intention that it should differ from the part used for the repaired fuselage
application to highlight the versatility of the ENDT approaches. The manufacturing
process of the panel was performed at Aernnova and comprised two different steps:
the manufacture of the T-stringers and the manufacture of the skins. Hexcel M21E
was used for the manufacture of all samples. Similar to the repair user case, we chose
the dimensions to represent the correct order of magnitude of a tested region while
providing enough space to test the application of several ENDT methods.

The stringers were manufactured following current industrial production guide-
lines. The web was shaped by joining two C-shape preforms that had been produced
using automated tape laying (ATL). First, a flat panel was laminated and placed on a
hot-forming tool to obtain the C-shape. After that, both C-shaped parts were joined.
Finally, the element was trimmed to obtain the six T-stringers with the required
dimensions. Four of these were dedicated to mechanical testing and two were kept
for the full-scale demonstration. The stringers were inspected by ultrasonic C-scan
inspections and no particular defects were revealed (Fig. 5.1).

The skin samples were manufactured with the following carbon fiber distribution
Table 5.1, which was similar to the panels used for mechanical testing.

The production began with the manufacture of a 3500 mm by 1000 mm flat
panel laminated using ATL. The distribution of the skin samples within this panel is
depicted in Fig. 5.2.
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Fig. 5.1 Image of manufactured T-stringers

Table 5.1 Carbon fiber
distribution of manufactured
samples

Part Specimens Plies Stacking

Skin 4 20 [±45/90/02/90/ ± 45/0/90]S

Fig. 5.2 Flat panel manufactured for four square skin samples; dimensions are given in mm

After the curing cycle, the flat panel was automatically inspected using pulse-
echo equipment with water as the coupling medium to ensure the quality of the
part manufactured. No defects were revealed (see Fig. 5.3). After the inspection, a
trimming operation was performed to obtain the number of skin samples required
for the mechanical testing (see Chap. 2) and full-scale demonstration.

The bonding operation of the stringer onto the composite skin was part of the full-
scale demonstration workflow. Thus, intentional contamination needed to be done
before bonding. It should be noted here that due to the dimensions of the bond line
and the presence of two stringers, all the ENDT investigations could be tested using
the same panel. More details are provided in the next section.
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Fig. 5.3 Color-coded representation of the findings from the ultrasonic inspection of the flat panel

5.2.1.2 Tear-Down Cell for the Representative In-service Repair User
Case

To demonstrate the ENDT techniques on full-scale specimens, we performed a
bonded repair on a real part as we considered this to best represent a real appli-
cation scenario, wherein the part being repaired has undergone a variety of loads and
environmental conditions. For this purpose, fuselage panels were recovered from an
A350 aircraft used byAirbus for full-scale static testing. These panels had been part of
such a structural test, but had remained in good condition and could thus be employed
in the demonstration (see Fig. 5.4). The size of each panel was approximately 1 m2,
which was adequate for several reasons:

1. The panels were large enough to be considered full scale, and they were in the
order of magnitude of what would be tested by ENDT with a significant TRL.

2. Their size enabled a sizeable bonded repair to be made with enough space to
gather data to test several ENDT tools, with the investigation performed in both
the contaminated and reference areas.

3. Theyprovided enough free edges to calibrate themeasurement setup if necessary
and to grasp and hold the parts in order to manipulate them manually or using
a robotic arm.

As explained within the workflow and operations section, we assessed three
panels. One panel was used for “intrusive” ENDT, such as monitoring based on
magnetostrictive sensors and electromechanical impedance, for which it was neces-
sary to bond sensing devices to the part. As the setups required for surface quality
measurements using laser-induced fluorescence spectroscopy (LIF) and vibrometry
were not moved to the demonstration event location, one panel was kept at IMP-
PAN in Gdansk after scarfing and without bonded repair. Finally, one panel was
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Fig. 5.4 A350 aircraft fuselage panels provided by Airbus for the demonstration of a full-scale
bonded repair

used for the inspection using non-intrusive bonding assessment techniques, namely
nonlinear ultrasound (NLUS) and laser shock adhesion testing (LASAT) (as outlined
in the workflow and operations section).

As theywere taken from the same section, these three panels were similar, but they
were not identical in terms of geometry, number of stiffeners or thickness. A detailed
view of two of the three panels is presented in Fig. 5.5. The skin thickness was in the

Fig. 5.5 Detailed viewof theA350 fuselage panels used for the demonstration of quality assessment
during bonded repair; the skin thickness is indicated at specific positions
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range of 1.5–2.5 mm, which corresponds to the coupon and pilot sample geometries
because—once repaired—the assembly thickness increased to about 2.5 mm. In
addition, either two or three omega stringers reinforced the skin. The stringer foot
was about 1.5 mm, which means that the total thickness was a maximum of 4 mm
in this region. The panel material was the composite IMA/M21E (Hexcel), similar
to the material used for the coupon and pilot samples.

The three panels were used to simulate a scarfed bonded repair. As the focus
is on testing the adhesive bond between the scarfed skin and the repair patch, we
decided to use these structures without introducing any damage to save time and
costs. While it could have been subjected to, for example, delamination caused by
a drop tower, this would have been removed by the subsequent scarfing operations
anyway. Instead, we defined the dimensions of the bonded repair patch based on the
standard for delamination that was not actually performed.

5.2.2 Participants and Operations

This section links the list of operations, themain steps, and the participants in the full-
scale demonstration. All the information is compiled for each scenario in Table 5.2,
outlining the main process steps, operations, the corresponding ComBoNDT project
partners in charge, and the used techniques or procedures. It should be noted that the
whole full-scale demonstration in the ComBoNDT joint research project was led by
Airbus and Fraunhofer IFAM.

The following two sections detail how these operations were conducted during
the full-scale demonstration event. Hereby, the focus is on the workflow, the contam-
ination process, and the bonding operations executed within the framework of the
production or repair user cases.

5.3 Production User Case

5.3.1 Workflow Overview

The operations within the production user case comprising distinct contamination
scenarios are described in Fig. 5.6 following the ComBoNDT (with the name of
the contributing partners) project. First, the skin and stringers for the full-scale
demonstration were provided by Aernnova. The quality of the skin was checked at
Aernnova using conventional ultrasound testing, as outlined in the previous section.
In this case, one panel was sufficient for all the ENDT approaches. At the begin-
ning of the three-day full-scale demonstration, the skin and stringer were contam-
inated separately with RA and FP formulation, successively. The skin was then
tested using FTIR (Airbus, AGI), e-nose (AGI), and e-nose (ENEA) to conduct the
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Table 5.2 List of operations for production and repair user cases comprising scenarios with the
intentional contamination of an adherend surface by a release agent (RA) and fingerprint (FP,
with either sweat or hydraulic oil) or de-icing fluid (DI) as performed during the three-day on-
site demonstration event, indicating the corresponding ComBoNDT project partners in charge.
The involved ENDT techniques comprise the aerosol wetting test (AWT), magnetostrictive sensors
(MGSS), electromechanical impedance (EMI), electronic nose (e-nose), laser shock adhesion test
(LASAT), Fourier transform infrared spectroscopy (FTIR), and nonlinear ultrasound (NLUS)

User case Process steps Operations Partner in charge Used procedure

Production Supplying
material

Providing skin,
stringers, and
bonding

Aernnova, Airbus

Performing
contamination

Contamination
applying RA

IFAM Sweeping RA

Contamination
applying FP

Salt-based solution

Surface
assessment

Testing on separate
stringers

IFAM LIBS

Testing on stringers Automation AWT

Testing on skin AGI FTIR

Testing on skin AGI e-nose

Testing on skin ENEA e-nose

Bonding of
stringers

Curing in autoclave IFAM Curing cycle

Bonding
assessment

Testing on skin IMP-PAN EMI

Testing on skin +
loading

GMI MGSS

Testing on skin’s
rear face

CEA NLUS

Testing on both sides CNRS LASAT

Repair Supplying
material

Providing real
fuselage panels and
repair material

Airbus

Scarfing Scarfing for repair GMI Stepping

Performing
contamination

Contamination
applying DI

IFAM Sweeping DI

Contamination
applying FP

Skydrol oil

Surface
assessment

Testing Automation W+R AWT

Testing AGI FTIR

Testing AGI e-nose

Testing ENEA e-nose

Testing on a separate
panel

IMP-PAN LIF

Testing on a separate
panel

IMP-PAN Vibrometry

(continued)
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Table 5.2 (continued)

User case Process steps Operations Partner in charge Used procedure

Bonded repair Preparing the
patches

GMI Anita setup

Preparing the curing

Curing outside the
autoclave

Bonding
assessment

Testing on panel 1 IMP-PAN EMI

Testing on panel 1 GMI MGSS

Testing on panel 2 CEA NLUS

Testing on panel 2 CNRS LASAT

Fig. 5.6 The full-scale demonstration workflow for the panel used in the production user case

surface quality assessment. Considering that the e-nose techniques can potentially
remove some contaminants during the measurements, separate areas were assigned
for each e-nose technique. The stringer surfaces were also tested using AWT and (on
a separate set of stringers) the LIBS technique. Indeed, as explored in the previous
chapters, performing LIBS investigations can slightly modify the composite surface
locally by vaporizing some of the epoxy-based matrix material. Therefore, any find-
ings obtained with surface assessment techniques following LIBS testing are poten-
tially influenced. After surface quality control, the stringers were bonded to the skin
following a secondary bonding process in an autoclave. Hereby, the contaminated
regions were placed above each other. After bonding, the obtained part was rapidly
checked visually and manually to ensure that the demonstration tests did not focus
on regions that were evidently not expertly bonded as this would have been triv-
ially identified by the ENDT techniques. Subsequently, the bonding assessment was
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conducted. The magnetostrictive sensors were first bonded to the skin using an out-
of-autoclave device (see the repair user case section) before being used for the test.
Then, the EMI sensors were glued to the skin in different regions to be used for
testing during the final day of the full-scale demonstration after hardening overnight.
Since the NLUS and LASAT devices were not available at IFAM in Bremen, the
panels were sent to CEA to be tested first by NLUS and then to CNRS to be tested
by LASAT, since the latter test might be destructive for weak regions.

5.3.2 Release Agent and Fingerprint Contamination

In this section, we focus on the important step of applying an intentional combined
contamination during the three-day full-scale demonstration event within the
ComBoNDT project. The specific operation is illustrated in Fig. 5.7. First, the posi-
tion of the stringers was marked on the skin, following the initial design of the stiff-
ened panel, as illustrated in Fig. 5.7a. The decision was made to situate the stringer
at a distance of one-third of the height away from each border. Then, the panel was
partially contaminated with a solution containing RA; the respective positions are
displayed in Fig. 5.7b. The RA contamination was deposited along two strips using
a small sponge, whereby the width of each strip was about the same as the stringer
foot, as shown in Fig. 5.7c. The process was somewhat different from that used for
the flat coupon samples, but in this realistic user case, it was not possible to use deep-
coating due to the size of the part. As a consequence, there may have been a lower
homogeneity on the surface, but we expected that the amount of Si species at the
surface would turn out to be within the concentration range previously investigated

Fig. 5.7 The two-step contamination process “RA+FP” for the production user case; a position of
the stringers, b regions to be contaminated with RA, c view of both areas contaminated with RA as
well as the regionwhere the FP contaminationwas randomly applied on the skin, d contamination of
the stringer feet with RA, and e final contamination state of the stringer surfaces after the concluding
deposition of salt-based FP
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using flat specimens. Following the RA contamination, the skin was placed in an
oven for 1 h at 80 °C. Subsequently, the FP contamination operation of the produc-
tion user case was conducted in the same way as in the FP scenario for the coupon
pilot specimens. We did not specify the distance between the applied prints in the
contaminated region because we intended a random distribution, and their number
should have been sufficient to be representative and unforeseeably positioned within
the scanning areas of all the investigated techniques. It should be noted that during
the whole contamination process, we retained the peel ply in the reference area to
avoid any contamination of this region, as shown in Fig. 5.7. The stringers were then
contaminated using the same process. RA was first spread on half of the finger foot
surface using the same solution and a sponge (see Fig. 5.7d). They were then placed
in the same oven, after which a worker marked themodified surface with FP deposits.
The final state of the stringer surfaces was an “RA+FP” coated contamination area
near a reference area below the peel ply, as presented in Fig. 5.7e.

After these contamination steps, the skin and stringer were ready to be tested
using the various ENDT techniques. As explained, the stringers were dedicated to
LIBS and AWT investigations while the skin was used for e-nose characterization.
Clearly, from an ENDT point of view, this choice was arbitrary, however, it wasmade
for operational reasons, mainly due to the geometry of the part. As we considered
that the investigations with the e-nose technique might have removed some of the
deposited substances from the stringer bonding surface, it was only tested by AWT
(see Fig. 5.6). Thus, the stringer foot remained correctly contaminated after the first
batch of ENDT and it was not necessary to repeat the contamination process.

5.3.3 Bonding Operations

After the testing of the different ENDT techniques with respect to their performance
regarding surface quality assessment in a realistic production user case, the stringers
were adhesively bonded to the skin.

The curing process of the stringers was quite conventional. Nevertheless, we
would like to reiterate that we had decided on the techniques used in the bonding
quality assessment under the consideration that one of the two adherend surfaces of
each joint would be contaminated. Of course, in the curing oven, the contaminated
region of each stringer was placed above the contaminated region of the skin to keep
the reference bonding area away from the contaminants (as shown in Fig. 5.8a). We
first applied the adhesive to the stringer foot and then positioned this onto the skin
at the right place. We used adhesive tape strips to keep the partially contaminated
stringer in place during loading and curing. The curing cycle in the autoclave was
the same as that used for the coupon specimens.

After curing, the panel recovered from the autoclave contained both a reference
area and a contaminated area, as illustrated in Fig. 5.8b. Thus, it was ready for
use in the testing of the targeted set of ENDT bonding assessment techniques. In
addition, to conventionally address non-expertly bonded regions of manufactured
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Fig. 5.8 Aspects of the bonding operation performed during the full-scale demonstration event in
the ComBoNDT project: a panel and stringers in front of the autoclave before bonding and b fully
cured stiffened panel

joints, we performed an ultrasonic inspection to check for unintentional defects in
the bond line. This inspection revealed the presence of a region characterized by a
low ultrasound amplitude, which most likely indicated some porosity. Such trivially
defective regions were marked on the panel to be excluded from any subsequent
in-depth ENDT investigation.

5.4 Repair User Case

5.4.1 Workflow Overview

This section describes theworkflow for the repair application case in theComBoNDT
project, with the process illustrated in detail in Fig. 5.9. For several reasons, the
decision was made to prepare three panels. First, the area to be tested on the repair
specimens was smaller than in the case of the panel manufactured for the production
user case, whereby we focused on conical repair regions with a diameter of about
20 cm. This was a good compromise because such a region was large enough to
represent a real application case yet also small enough to facilitate an easy and
fast repair within the three-day full-scale demonstration event of the ComBoNDT
project. For example, we had decided not to involve or touch the stringers in this
particular user case. Second, the magnetostrictive sensors were positioned so as to
capture a significant portion of the bond line. To independently test further bonding
assessment techniques, we allotted additional space because we anticipated that this
more complex bond geometry, compared to the specimen in the production user case,
might require different settings for each step in the ENDT testing sequence. Thus, we
dedicated one repaired panel to testing the intrusive bonding assessment techniques
(MGSS, EMI) and another panel to the scanning techniques. In addition to these two



272 R. Ecault et al.

Fig. 5.9 Workflow description for the full-scale demonstration of the bonded repair user case

specimens,we agreed to provide a scarfed, but not repaired, panel for characterization
using the LIF and laser vibrometry techniques, which were conducted at the IMP-
PAN laboratory in Gdansk.

The three panels were first sent to GMI AERO prior to the demonstration event.
There, a thermal analysis of the panels was performed in order to correctly set up the
bonded repair procedures to be conducted. Then, the panels were scarfed according
to the standards (as detailed in the next section) and sent to IFAM in Bremen for the
full-scale demonstration.

At IFAM, the first task was cleaning the scarfed area using an Airbus cleaning
procedure designed for such a geometry. Since the used product was based on
isopropanol, some time was scheduled to allow the area to dry prior to the next
step, i.e., the application of the contamination. The three panels were contaminated
according to the same process. One panel was saved for further surface investigation
using LIF and vibrometry, while the other two parts underwent the regular ENDT-
assisted repair process. The surface of one contaminated adherend was tested using
portable ENDT tools for surface quality control, namely AWT, FTIR, and e-nose,
in that order. As a desorber device was used, some of the contaminants might have
been removed during the e-nose investigation and thus the contamination process
was repeated after the first of the two different e-nose techniques had been tested (by
AGI-G or ENEA), as well as once more before performing the bonded repair. The
panels were then successively repaired (as further detailed in the section on bonded
repair). Magnetostrictive sensors were bonded onto one panel using an additional
autoclave curing process. The EMI-based sensor bonding and respective investiga-
tions were performed before this final curing cycle and the corresponding MGSS
testing. Finally, the last repaired panel was sent to CEA for NLUS measurement and
finally to CNRS for LASAT.
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The bonded repair of an aircraft CFRP panel after a more or less complex appli-
cation history is a sophisticated process. Furthermore, we decided to apply a techno-
logically relevant procedure. The subsequent sections detail the operations that were
successively performed within the scope of the project.

5.4.2 Description of the Scarfing Operation

Wefirst describe the repair of the coated panel. Before any adhesive bonding for repair
was performed, the paint system was completely removed and the area around the
repair region was prepared. Generally, the borders of the repair hole were rounded off
and the hole itself was tapered to provide the best load transfer once the repair patch
was bonded in. The images taken during the repair process are shown in Fig. 5.10.
Scarfing, or taper sanding, is usually achieved using a high-speed grinder powered
by compressed air, while stepping is an alternative method for removing material in
preparation for the application of a repair patch. In stepping, the overall angle of the
cone wall is achieved by removing a precise area of material per ply of the composite
laminate. This is a gentle process that prepares the damaged area for the application
of a repair patch. It is imperative to follow all the repair manual guidelines, and
significant skill and practice on the part of the repair technician are mandatory.

We performed the stepping process using the innovative tools designed by GMI
AERO. We also benefitted from a Leslie machining kit, which is a dedicated piece

Fig. 5.10 Illustration of the stepping process prior to the application of a repair patch in the bonded
repair user case
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of equipment used to prepare composite panels prior to the installation of repair
patches. The following are the stepping characteristics chosen for this application:

– A circular repair geometry was used with a maximum diameter of approximately
200 mm

– The average thickness of one ply was 0.15 mm
– The overlap ratio was 1:60, i.e., a step width of approximately 10 mm
– Seven steps were performed to achieve a depth of 1 mm

All partners involved in the full-scale demonstration were informed of the thick-
ness of the plies and their orientations. Thiswas especially helpful whenever different
settings had to be used per stepping step, e.g., in the case of LASAT, for which a
setting per step was necessary.

5.4.3 Application of the De-icer and Fingerprint Solutions

This section providesmore details about the contamination process. The images taken
during the operations are presented in Fig. 5.11. Similar to the production user case,
the repair user case comprised the intentional application of a combined contami-
nation, although the respectively deposited solutions were different. Following the
contamination scenario for the repair user case, the solution containing de-icing (DI)
fluid was first applied. Similar to the RA contamination, a small sponge was used
to spread the DI solution onto the stepped surface. Aluminum foil was then placed
on the panel in such a way that it would keep half of the repair surface clean, as
shown in Fig. 5.11a. As this was a manual operation and in view of the shape of
the scarfing, some liquid might have moved towards the reference area. Thus, the
boundary region between the reference and contaminated areas might have been

Fig. 5.11 Contamination operation applied for the panels of the repair user case, with region-
ally applying contamination by a a liquid de-icing solution while maintaining a contaminant-free
reference area, and b a hydraulic oil solution deposited within the fingerprinted areas
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larger than was considered ideal, but this was deemed to be acceptable. After the
contamination operation, the panel was placed in an oven for about 10 min. Finger-
prints with Skydrol hydraulic oil were then manually placed on the contaminated
surface, whereby a glove was used to achieve a better repeatability of the prints (see
Fig. 5.11b).

As previously outlined, these operations were repeated twice during the full-
scale demonstration event to restore the contamination deposit after each e-nose
measurement. We took care to employ the same contaminants and worker from the
first operation until the last to ensure a minimum deviation from one contamination
operation to the next. After the last contamination step, the panels were ready for
repair.

5.4.4 Description of the Bonded Repair Operations

The repair process involved the replacement of each carbon fiber layer that had been
removed during the scarfing operation by a new fiber layer exhibiting an orientation
that matched that of the original layer. Additionally, a film adhesive was placed
between the structure and the carbon fiber layers, as shown in Fig. 5.12a.

After each prepreg layer was stacked, the curing facilities were installed on the
panel, whereby a heating blanket was placed on top and capped by a vacuum bag, as
depicted in Fig. 5.12b and c, respectively. The thermal curing was then performed
using the appropriate temperature. For this application, we chose the adhesive film
FM300-2M (supplied by Cytec) and the carbon prepreg material M20 (supplied by
Hexcel). In the ComBoNDT project, we employed ANITA EZ0901 equipment (see
Fig. 5.13) to bond the repair patch. The ANITA setup provides all the necessary func-
tions to control the heating process under vacuum for bonded repair on composite

Fig. 5.12 The distinct operations conducted during the bonded repair of CFRP panels showing
a the raw F300-2 M bonding material, b the placement of the heating device, and c the preparation
of the capping vacuum bag
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Fig. 5.13 Image taken during the full-scale demonstration of the repair process using the ANITA
EZ0901 hot bonder in the ComBoNDT project

structures. The utilized devicewas specially conceived to achieve amaximumperfor-
mance largely independent of the surface area to be repaired or the thickness of the
assessed structures, and it is also suitable for structures with differentiated thermal
reactions.

Appropriate curing of both the patch resin and the adhesive layer is essential
to secure the integrity and sound mechanical performance of a bonded composite
repair. A peculiarity of this user case, which focuses on Airbus A350 fuselage panels,
results from the fact that these are carbon laminate structures reinforced with omega-
shaped carbon stringers. It should be noted that, when heating a patch for repair, this
complex structure makes it very difficult to achieve an even temperature distribution.
This is a well-known issue and in the past has been addressed through a multi-zone
heating approach. However, as this process adds complexity and is time-consuming,
a compromise was identified that took advantage of the structural periodicity in the
case of theA350. To this end, theAdaptHEATadaptive heating blanketwas designed,
tailored to A350 structural components, which could be applied using available two-
zone ANITA bonding consoles, thereby substantially improving the homogeneity of
the temperature distribution. The AdaptHEAT concept adopts a multi-zone approach
for the heating of a repair patch, following the heating requirements of the structure. In
previous heating tests, we had identified that the part has two areas yielding different
heating requirements, namely:

1. The area under which the stringers are positioned
2. The plain skin area, including the stringer foot.
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5.5 Results of the Full-Scale Demonstration: The
Representative Production User Case of a CFRP
Stringer

In this section, we present the findings obtained for the production user case during
the three-day full-scale demonstration event within the ComBoNDT joint research
project. First, we report on the surface quality assessment of the adherends in manu-
facturing a CFRP stringer, then we detail the outcomes of the bonding quality
assessment after completing the joining process.

5.5.1 Surface Quality Assessment

In the following, we present the findings based on the LIBS, AWT, and e-nose
inspections used for the surface quality assessment.

5.5.1.1 Results for LIBS

Measuring setup

The complex geometry of the stringer, i.e., a realistic part, as compared to the flat
coupon samples required a substantial modification of the setup and an adaptation
of the measuring process to facilitate the surface monitoring based on LIBS investi-
gations. We achieved a significant increase in the TRL by developing a robot-aided
quality assessment procedure that allowed both the sensitivity and the robustness of
the standard laboratory-based approach to be maintained. Essentially, we matched
the control of the LIBS sensor to that of a standard industrial robot that was set to
handle and position the part to be analyzed, as shown in Fig. 5.14. This arrangement
offers some advantages for the LIBS measurement process since the focal point of
the LIBS laser can be fixed. This fixed focal point (as shown in Fig. 5.15) was used as
the origin of the coordinate system with which the robot handled the parts. Focusing

Fig. 5.14 The handling of a stringer by a fine-tuned industrial robot (left) and the well-arranged
control unit for the operator (right)
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Fig. 5.15 The plasma generation during the LIBS measurement on the realistic stringer specimen

on the analytical process, the LIBS measurements were performed on the CFRP
surfaces after the peel ply was removed and the defined combined contamination
process was performed. A laser wavelength of 1064 nm was used with a 180 mJ
laser pulse energy. In order to determine the surface composition of the stringer,
surface areas along three lines—each comprising 130 single measurement spots—
were analyzed. An image of such a stringer is depicted in Fig. 5.16, while selected
LIBS signals obtained during the investigation are presented and discussed based in
Fig. 5.17.

Summary of the results

In Fig. 5.17, we present the results achieved when aiming for the detection of a
contamination that arose from depositing relevant amounts of a Si-containing RA
on the C-rich stringer surface. Essentially, the first 65 measurement points obtained
within the intentionally contaminated half of the stringer surface indicated a clearly
increased [Si] /[C] concentration ratio. This significant finding is indicative of the
presence of RA contamination and is, as anticipated, in contrast to the LIBS results
from the non-contaminated right half of the stringer surface. Thus, using LIBS

Fig. 5.16 An overview of the stringer surface after performing spot-by-spot LIBS measurements
along three parallel lines, with the top, middle, and bottom lines composed of 130 analysis spots
each; the left part of the specimen was contaminated, while the right part provided a clean reference
surface



5 Extended Non-destructive Testing Technique Demonstration … 279

Fig. 5.17 LIBS findings from three horizontal lines composed of 130 positions on a partially
contaminated CFRP, highlighting Si/C signal ratios measured on the composite surface in the
contaminated area (left) and the clean reference area (right)

measurements it is clearly possible to detect and allocate the areas corresponding to
either the contaminated or clean CFRP surface state. Additionally, evaluating further
signals enables the type of contamination to be identified. Figure 5.17 presents the
characteristics of the Na signal along with one of the lines composed of 130measure-
ment spots separated by 5 ± 1 mm, whereby it is possible to distinguish a locally
increased intensity within the first 65 measuring points. Single peaks demonstrating
an increased Na concentration indicate the presence of a Na-containing FP deposit in
the contaminated area. It is more challenging to detect and locate the FP contamina-
tions as the contaminated area was relatively limited compared to the region covered
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by the broader RA deposits and also because only up to three single LIBS shots were
located in each FP contaminated area (Fig. 5.18).

In summary, when using the advanced robot-aided LIBS characterization process
and evaluating both the [Si] /[C] signal ratio and the Na signal intensity along
three parallel lines composed of measurement spots separated by 5 ± 1 mm, we
achieved a clear and significant differentiation between the clean surface area and
the contaminated area of the stringer, the detection of the elemental constituents of
the applied contaminations, and consequently the identification of both contaminants
contributing to the combined deposit.

Fig. 5.18 Sodium signals for the three lines measured on the stringer surface give an idea about
the contaminated areas (left) and the clean reference area (right)
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Fig. 5.19 An overview of the AWT-based investigations of a stringer surface during a full-scale
demonstration

5.5.1.2 Results for AWT

The contamination on the production part was a single RA contamination on half of
the part. This contaminated area was successfully detected and differentiated from
the clean half. We were thus able to master the challenge of identifying and detecting
laterally separated water droplets with the use of image processing based on a neural
network. An overview of the measurements is given in Fig. 5.19.

5.5.1.3 Results for E-nose

Due to the high potential of e-nose techniques with respect to surface quality assess-
ment, we tested the two distinct setups advanced in the ComBoNDT project during
the three-day full-scale demonstration event.

AIRBUS E-nose setup

During the demonstration, the realistic and real parts of both main user cases were
measured both with and without contamination. For the production user case, three
different specimens were tested (a sample with the dimensions 20 cm by 20 cm and
twoproduction panels). Panel 1 provided a sectionwith an intentionally contaminated
area (Panel 1c) that had been prepared following the combined “RA-FP” scenario.
All other samples were not contaminated.
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Figure 5.20 shows the desorber device, which was developed in the ComBoNDT
project by the partners from Airbus, during its application in taking measurements
on the realistic parts in the production user case.

Subsequently, we discuss the evaluation of the acquired e-nose data considering
two different approaches to data treatment and representation, namely the partial
least squares discriminant analysis (PLS-DA) model and the principal component
analysis (PCA).

When we evaluated the measured data of the production panels using the PLS-DA
that had been obtained from the pilot sample test, we achieved the differentiation
and correct classification of all surface states in both the “clean” and “not clean”
(i.e., contaminated) classes. In Fig. 5.21, the horizontal threshold line represents the
boundary signal level that can be used to determine whether a data point is indicative
of a panel surface state that is attributed to the “clean” class (i.e., ready for bonding)
or the opposite class (class threshold).

By performing cross-validation with the obtained, the confusion matrix shown in
Table 5.3 is obtained.

Concerning the data evaluation based on a single-class identification method, a
different method of signal processing was tested to identify the true class with a
clean surface state of a specimen panel. In detail, six samples from the sampling
areas on the clean Panels 1 and 2 were taken to determine the region in the PCA that
correlates to a clean sample surface. We used these samples to build the detection
model. Using a confidence level of 95%, we obtained the green domain shown in
Fig. 5.22,which indicates the region inwhich an unknown samplewould be classified
as clean. Measurements that lie outside this domain would be classified as false, i.e.,
contaminated or not clean.

When we subsequently evaluated the remaining seven e-nose measurements of
Panel 1 and Panel 2 with this built (single-class identification) PCA model, all
measurements made on the uncontaminated areas of the panels were located inside
the green domain. Meanwhile, all measurements made on the contaminated areas
lay outside this domain, which represents clean surface areas, and were, therefore,

Fig. 5.20 The e-nose
desorber device taking
measurements on the CFRP
Panel 1 within the
production user case during
the full-scale demonstration
event
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Fig. 5.21 Results of the
class assignment of
PLS-DA-treated e-nose data
obtained on the
technologically realistic parts
of the production user case

Table 5.3 Confusion matrix
obtained when
cross-validating the treated
e-nose data shown in Fig. 5.21

Actual class REF RA-FP

Predicted as REF 15 0

Predicted as RA-FP 0 4

correctly identified as being indicative of contaminated samples. Figure 5.22 displays
all the results for the single-class identification evaluation. We would like to high-
light that all “unknown” (i.e., prepared and analyzed on-site) surfaces of Panel 1 and
Panel 2 were classified correctly based on the performed intentional contamination
procedure and following the e-nose measurements.

ENEA setup

The realistic part production user case was also tackled using the latest version of
the ENEA e-nose, which is depicted in Fig. 5.23.

Here, we briefly describe the developed data acquisition and evaluation process.
Separate models for anomaly detection were produced in order to differentiate
contaminated samples from the clean reference samples. Based on nine measure-
ments taken from a (clean) curved realistic reference specimen, we obtained a low
dimensional projection using the first three principal components in the PCA rotated
sample space. Hypothesizing a multivariate Gaussian distribution of the measured
data’s projection on the low dimensional subspace, we used a two sigma coverage to
set an ellipsoidal surface acting as a detection threshold for contaminated samples.
Results from the measurements of clean surface regions were uploaded to the joint
Graphical User Interface (GUI) software to compute the detector surface and prepare
the GUI to accept the test measurements. Then, we used findings from nine sample
regions to test the developed detector: three from clean areas of the tested part and six
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Fig. 5.22 Single-class identification of e-nose results following PCA-based data evaluation
from measurements on technologically realistic parts. The green domain indicates the region of
measurements on clean samples with a confidence level of 95%

Fig. 5.23 An ENEA e-nose
employed for inspection of a
technologically relevant
realistic composite part
during the full-scale
demonstration event
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from areas that had been contaminated previously following the “RA-FP” scenario.
In summary, we measured 18 samples, of which nine were set apart to build the
training set of the PCA-based detector, while the other nine were used for testing
purposes. The joint GUI was able to show the results in real-time immediately after
the measurement was taken. A screenshot of the active GUI is displayed in Fig. 5.24.

Table 5.4 presents the confusion matrix summarizing the results obtained for the
production sample scenario.

As can be seen in Table 5.4, based on the advanced process, we achieved a perfect
recognition score. Furthermore, the detection thresholdwas overcome along a similar
direction in the same sub-plane for all except one of the contaminated samples, which
adds robustness and significance to the results.

Synopsis: The findings for surface quality assessment within the production user
case

The LIBSmeasurement technique has successfully shown its potential in monitoring
composite adherend surfaces, even in the case of complex shapes. During the three-
day full-scale demonstration event in the ComBoNDT project, we used the technique
for the automated measuring and detection of multiple contaminations with RA

Fig. 5.24 Screenshot of the ENEAGUI employed for the detection and identification tasks based on
the e-nose investigations of contaminated realistic CFRP parts within the production user scenario
during the full-scale demonstration event



286 R. Ecault et al.

Table 5.4 Confusion matrix obtained when employing the ENEA e-nose for contamination
detection on realistic composite parts from the production user case

Actual class REF RA-FP

Predicted as REF 3 0

Predicted as contaminated 0 6

and FP, whereby both contaminants were detected and revealed. If a more clearly
localized detection of single contaminant-based FP were aspired in the future, then
a higher statistical basis, i.e., more measuring points than the 390 measured here for
each stringer, would be required.

UsingAWT to inspect a realistic productionCFRPpart, a singleRAcontamination
was detected by means of advanced data evaluation based on a neural network.
Finally, a robust and significant detection of a complex combined contamination
was achieved using both distinct enhanced e-nose techniques employed for surface
quality assessment during the full-scale demonstration event, applying PCA for data
evaluation and benefitting from a user-friendly GUI.

5.5.2 Bonding Quality Assessment

In the following, we present the findings based on the EMI, NLUS, and LASAT
inspections used for bonding quality assessment in the production user case assessed
during the three-day full-scale demonstration event within the ComBoNDT project.

5.5.2.1 Results for EMI

The realistic part prepared for the production user case was a CFRP panel with an
adhesively bonded stringer, as depicted in Fig. 5.25. One half of the bonding area
for the stiffener was intentionally contaminated before bonding. The rear side of this
region is shown in the left part of Fig. 5.25a. The combined contamination scenario
comprised the application of RA and FP. The second half of the stringer surface was
maintained in a clean state and its rear side is shown in the right part of Fig. 5.25a.
Technically, within the EMI-based inspection process, this area is used for reference
purposes.

Specifically, we bonded two piezoelectric sensors with cyanoacrylate glue to the
adherend surface of theCFRPpanel (Fig. 5.25a) in order to assess the bonding quality
of its joint with the stringer. We placed the sensors on the rear side of the panel in
the area where the stringer was bonded. The DD1 sensor was placed on the area of
the clean bond, while the DD2 sensor was bonded to the contaminated (following
the “RA-FP” scenario) region. The electrical characteristics of both sensors were
measured three times. First, the free sensors were measured for referential purposes.
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a)

b)

Fig. 5.25 The realistic CFRP panel used as one partially contaminated adherend within the produc-
tion user case, with a the piezoelectric sensors for EMI measurements and b the stiffener bonded
to the front side. In (a), the sensor on the left-hand side (DD2) is bonded to a contaminated surface
area and the sensor on the right-hand side (DD1) is bonded to a clean adherend area

Second, the bonded sensors were measured while the panel was lying on the labora-
tory table (as depicted in Fig. 5.25b). Third, ameasurement wasmadewhile the panel
was being subjected to the external loading situation used for strain measurements.
The loading was applied by attaching the panel to the laboratory table with adhesive
tape, as demonstrated in Fig. 5.26.

With respect to the sensor signal output and the subsequent data evaluation,
Fig. 5.27a presents the obtained root mean square (RMS) values for the conduc-
tance obtained in the 3–5 MHz frequency range. After bonding the sensors, a drop
in the RMS value was obtained as compared to the free sensors. We observed higher
RMS values for the sensor bonded to the contaminated area, which may indicate a
weaker adhesive bond. Additionally, when applying an additional load to the panel,
the two sensors showed significantly different signal changes. We observed an RMS
increase for the clean region, while a decrease was found for the contaminated bond
region. As a second characteristic, the conductance maximum peak shift was also
tracked, as displayed in Fig. 5.27b. Taking as a reference the frequency at the conduc-
tance maximum of the freely oscillating sensor to be bonded close to the bonding
region with the clean adherend, the difference to the frequency at the conductance
maximum of the second freely oscillating sensor was below 0.5%. After bonding
both sensors, a significant increase of this characteristic frequency was observed,
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Fig. 5.26 The curved realistic part for the production user case with a loading situation introduced
by fixing the CFRP panel in a flattened adjustment using adhesive tape. The square patches with
pink color are strain sensors introduced by GMI AERO

which was more pronounced for the bond comprising the contaminated adherend.
After mechanically loading the panel, the peak for the clean bonding region shifted
leftward towards a lower frequency, while the one for the contaminated region shifted
rightward, reaching a shift of almost 2%.

After inspecting themeasured conductance curves inmore detail, local resonances
in the range of 3.75–3.90MHzwere observed. These affected the RMS values calcu-
lated for this frequency region as compared to theRMSvalues for the free sensors (see
Fig. 5.28a). Similar behavior was observed for the resistance curves but in a slightly
different frequency range, namely from 3.6 to 3.9 MHz, as shown in Fig. 5.28b. As
compared to the regions close to the bonds with clean adherends, we observed lower
RMS values around the contaminated area, which may indicate a weaker adhesive
bond there.
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a) b)

Fig. 5.27 The EMI results for the six investigated bonding states for realistic parts from the produc-
tion user case obtained in the 3–5 MHz frequency region; a RMS values of conductance and
b frequency shift of the conductance peak

a) b)

Fig. 5.28 Further details of the EMI findings revealing local resonances in the RMS values of the
a observed conductance signals and b resistance curves

5.5.2.2 Results for NLUS

For the investigation of the bonded CFRP specimen from the production user case,
the ultrasound excitation transducer was positioned symmetrically in relation to the
longitudinal extension of the stringer to be tested, as shown in Fig. 5.29. Such a
position provided a symmetrical insonation field for this stringer, and the findings
for the fundamental frequency 20 kHz are displayed in Fig. 5.29.
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Fig. 5.29 Distribution of the fundamental ultrasonic frequency (20 kHz) amplitude along the
stringer in the realistic bonded CFRP specimen from the production user case, as observed during
the NLUS inspection

Fig. 5.30 Distribution of the second-highest harmonic (40 kHz) along the stringer length in the
bonded production CFRP component, as observed during the NLUS inspection

Additionally, the second-highest harmonics were measured in the production
specimen. The findings shown in Fig. 5.30 demonstrate quite different signal distri-
butions, whereby the higher efficiency of the local nonlinear generation in the left-
hand-side of the stringer can be clearly perceived and identifies a bonding region
based on a contaminated adherend surface area with a lower bonding quality.

5.5.2.3 Results for LASAT

Before detailing the results obtained when applying the laser shock adhesion test
(LASAT) for investigating the realistic bonded CFRP specimen from the production
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user case, we provide a short and demonstrative introduction to the full-scale test
performed during the demonstration event of the ComBoNDT project.

Introduction to the full-scale test

In order to facilitate the LASAT investigations on large-area realistic or real partswith
complex, e.g., curved, shapes, we advanced the Hephaïstos setup by implementing
profound modifications. With the aim of handling specimens of the required size, the
optics had to be substantially rearranged and a robot had to be installed to manipulate
the sample. The resulting setup is displayed in the on-site environment in Fig. 5.31.

The second challenge was the confinement. So far, the plasma generating the
shock wave within the sample had been confined using a thin water layer. Even
though this ENDT technique offers an easy setup on a smaller scale, the new upscaled
configuration would have introduced substantial operating costs, e.g., the installa-
tion of special pipes to supply the investigated sample region with water as well
as to ensure water drainage. To overcome these challenges, solid confinement was
used. Numerous materials were tested, and for some of these, the results for the
flux-dependent plasma pressure are displayed in Fig. 5.32. This graph describes the
generated pressure as a function of the laser intensity for confinements based on three
different materials. The LASAT operating regime is around 1−3GW/cm2, and in
this flux interval, water, epoxy, and a thick transparent PPE adhesive tape turned out
to have the same confinement capability. With respect to the aspired application, the
latter was eventually chosen for its ease of use, and the setup is shown in Fig. 5.33.
The aluminum sacrificial layer was not modified.

Briefly, the workflow for testing was as follows. For each sample, an initial
threshold identification was performed in different areas. On each calibration area, a
series of laser shots were performed. If no damage was inflicted, the laser intensity
over the area was increased. The opening energy of a sound part was defined as
the “reference threshold”. Once this threshold had been identified and confirmed for

Fig. 5.31 The advanced
Hephaïstos symmetrical
LASAT setup with a robot to
manipulate the bonded
CFRP specimen in the
production user case
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Fig. 5.32 Generated plasma
pressure as a function of flux
with epoxy, water, and a
thick transparent PPE
adhesive tape used for
confinement during the
LASAT investigations

Fig. 5.33 Aluminum
sacrificial layer and the
adhesive tape-based
confinement applied to a
realistic production CFRP
panel for the LASAT
investigation

each calibration area, the rest of the sample was characterized by shooting at 80%
of this value, regardless of the contamination state.

LASAT results for the production panel

To test the bonded CFRP panel of the production user case, the whole stiffener was
spot-wise shot with an offset of 20 mm between consecutive shots, as presented in
Fig. 5.34. This spacing was selected to avoid compromising an area with a crack that
could have appeared in an adjacent tested zone.

The threshold of the bonded regions based on either the contaminated or the clean
adherend surface area was isolated and a total of 53 shots were realized on one of
the stiffeners. The achieved results are summarized in Table 5.5.
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Fig. 5.34 A prepared production CFRP panel after S-LASAT investigation

Table 5.5 Summary of the LASAT results obtained in bonded regions based on either the clean
(sound) or contaminated adherend surface area of the CFRP panel of the production user case

Threshold (GW/cm2) Total test shots sym 80% Opened bond sym 80%

Sound area 0.85 32 0

Contaminated area 0.74 21 21

Briefly, two distinctive opening fluxes were found. Furthermore, during the
performed 53 laser shots, none of the tested areas on the sound part of the stiff-
ener were opened. Finally, all contaminated areas failed in the test, meaning that the
symmetrical LASAT (S-LASAT) results were conclusive for the production panel.

Synopsis: The findings for bonding quality assessment within the production user
case

The advanced setups and workflows for the EMI, NLUS, and S-LASAT inspec-
tions used for assessing the bonding quality of the realistic bonded CFRP parts
investigated in the full-scale production user case within the ComBoNDT project
enabled a differentiation of bonded regions based on clean or contaminated adherend
surface areas. The outcomes of the three-day demonstration event in the ComBoNDT
project demonstrated the enhanced technology readiness levels of these techniques
for production user cases involving the adhesive bonding of composite adherends.
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5.6 Results of the Full-Scale Demonstration: The
Representative Bonded Repair User Case of an Airbus
A350 Panel

In this section, we report on the findings achieved for the repair user case during the
three-day full-scale demonstration within the ComBoNDT joint research project.
First, we show the outcomes of the surface quality assessment of an Airbus A350
panel prepared for bonded repair, after which we detail the bonding quality assess-
ment. Recalling the workflow of the repair user case, the bonding process was
performed after scarfing the CFRP part to be repaired. Moreover, the intentionally
deposited contamination refers to the application of DI and FP from gloved fingers
coated with hydraulic oil.

5.6.1 Surface Quality Assessment After Scarfing

Here, we detail the results achieved with the AWT, FTIR, e-nose, LIF, and laser
vibrometry inspections used for the surface quality assessment of scarfed CFRP
surfaces before performing the bonded repair. In more detail, the scarfed area of a
convex fuselage part was split into two semi-circles. One side was contaminated with
the combined “DI-FP” contamination, while the other side was left blank.

5.6.1.1 Results for AWT

For the repair user case, we inspected a circular shaft with a defined contamination
consisting of DI and FP and approximately 200 mm in diameter. The measurement
and analysis of the repair part were conducted as follows and as depicted in Fig. 5.35.

First, the calibration of the robot for manipulating and positioning the head of the
AWT measuring device was performed. The acquisition of original image data was
achieved by conductingmeasurements of different sections in the area of interest. All
the obtained images were then processed using the Convolutional Neural Network
(CNN) for droplet detection. Such processing by the neural network results in the
generation of heatmaps that allow an assessment of the droplet count (and the surface
density of the droplets), the droplet diameter, the certainty, and the wetting ratio. At
this point, the evaluated measurement results were available. The next step was
classifying the local state of the surface. We achieved this material surface and
process-related interpretation with a support vector machine (SVM) based on the
local values of the various heatmaps. A class training was performed using a by-
hand delimitation of the defined surface states (namely clean and contaminated by
DI or FP). The training of the SVMwith the hand classification of the assessed surface
states was based on 40% of the data for each class. Finally, the classification results
for the entire surface were obtained through the trained support vector machine.
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Fig. 5.35 Image-based sketch showing various steps of the AWT-related image treatment, starting
from the captured image and going towards the identification of the contamination class. The off-
color final result presented in the chart labeled “SVM result” indicates clean (purple) surface regions
and regions contaminated by DI (green) or FP (yellow)

As a final result, we achieved a local classification of the contamination state
indicated by an off-color map. This is the output of the SVM trained with the
standard local output parameters of the CNN, namely droplet diameter, wetting
ratio (percentage), certainty of the neural network output, and droplet count for
determining the areal density of the droplets. The findings presented in Fig. 5.36
clearly indicate that the surface regions with either type of intentionally deposited
contamination can be differentiated from the clean surface regions.

5.6.1.2 Results for FTIR

To characterize the surface of the technically realistic CFRP part, FTIR spectroscopy
was applied. An impression of themeasuring process using the portable spectrometer
is presented in Fig. 5.36. Based on the spectral findings and the application of a
partial least squares (PLS) algorithm for the surface region that had been intentionally
contaminatedwithDI, a potassium concentration in the range of 9 at.%was indicated,
which is considered plausible. However, a fairly high amount of DI was detected
unexpectedly on the reference side of the CFRP surface, which is some centimeters
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Fig. 5.36 (Left) image showing the performance of the FTIR investigations and (right) plot indi-
cating the amount of potassium on 14 sampling regions as obtained with a PLS algorithm from
FTIR spectra recorded on a technologically realistic part

away from the half of the scarfed area that had been contaminated with DI during
the sample preparation. As the part was subsequently stored in an oven at elevated
temperatures, we suggest that this treatment may have caused some of the DI to
be transported to originally clean surface regions, e.g., following migration or after
partial evaporation and subsequent condensation on the specimen surface.

5.6.1.3 Results for E-nose

During the three-day full-scale demonstration event, we tested the two distinct e-nose
setups advanced in the ComBoNDT project.

Airbus Group Innovations’ desorber device

Figure 5.37 illustrates how we applied the Airbus desorber device to conduct
measurements on the technologically realistic parts.

Figure 5.38 presents an overview resulting from evaluating the data obtained
on technologically realistic or real parts either in the production or the repair user
case, benefitting from the PLS-DA model established during the testing of the pilot
samples. We infer that the findings of all measurements can be separated into classes
corresponding to clean or contaminated CFRP surface states, even for the complex
geometries being tested. Once again, the threshold in the graph indicates the appli-
cable parameter level differentiating surface regions that may be assigned to either
class.

Performing cross-validation with the obtained, we obtain the confusion matrix of
cross-validation, which is shown in Table 5.6.
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Fig. 5.37 (Left) the e-nose desorber device in use while conducting measurements on a CFRP
fuselage part and (right) a close-up view of a scarfed area of a fuselage part

Fig. 5.38 Results for the
class prediction of the
PLSDA of data obtained
from desorber device e-nose
measurements on
technologically realistic or
real parts of the production
or repair user case

Table 5.6 Confusion matrix
obtained when
cross-validating the treated
e-nose data shown in Fig. 5.38

Actual class REF RA-FP DI-FP

Predicted as REF 18 0 0

Predicted as RA-FP 0 4 0

Predicted as DI-FP 0 0 2

ENEA setup

Using the ENEA e-nose setup, the same investigation process was performed for
the repair user case as for the production user case. Specifically, six measurements
were taken from areas in the clean CFRP panel region. These were used to build the
ellipsoidal 2-sigma coverage detector scheme for samples contaminated following



298 R. Ecault et al.

Table 5.7 Confusion matrix obtained when employing the ENEA e-nose for contamination
detection on real composite parts from the repair user case

Actual class REF DI-FP

Predicted as REF 3 0

Predicted as contaminated 0 3

the “DI-FP” scenario. Six measurements in the scarfed region were recorded for
testing purposes: three from clean areas and three from contaminated areas.

The elicited response from the contaminated samples was significant and the
contaminated samples were revealed without any false assignments. The obtained
confusion matrix is presented in Table 5.7.

5.6.1.4 Results for LIF

In the final step of the research, the LIF technique was used to study the surface
composition of a real aircraft part, namely a CFRP panel with a stepped area for
bonded repair, as displayed in Fig. 5.39.

In Fig. 5.39, we can distinguish eight numbered circular rings that represent
separate areas of the inspection. Thematerial layer numbered 1 incorporates the outer

Fig. 5.39 Inspection of a real aircraft part using the LIF technique. The left semi-circular scarfed
subarea appears darker and is contaminated, while the brighter right subarea is clean; the circular
rings of the stepped surface prepared for bonded repair are numbered, with number 1 indicating the
topmost material layer
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layer of the CFRP part without primer and copper mesh. The subsequent lower-lying
seven rings (numbers 2 through 8) constitute the steps used (as adherends) for the
bonded repair area. The left half of the specimen’s surface area is contaminated.
The right side is clean and provides the reference area for the LIF measurements,
which were made at three points at each of the eight areas. Separate measurements
were made for the clean region and the contaminated part. The obtained fluorescence
intensities at each of the three points were averaged and the standard deviation was
calculated. The thus obtained results are presented in the plot in Fig. 5.40. In this
presentation, the blue bars correspond to clean areas, while the red bars correspond
to contaminated areas. It should be noted that clean areas are characterized by higher
LIF intensities, except for areas 2 and 3. In the case of areas 1 and 5, the intensity
obtained in the clean subarea is almost double that of the contaminated part. For the
remaining cases, the differences are less significant. In conclusion, based on these
investigations, the LIF intensity did not allow the surface states to be distinguished
across all of the two distinctly prepared areas of the realistic aircraft part. This
could be associated with the type of contamination used (“DI-FP”). However, based
on the comprehensive set of LIF inspection data acquired here, there is evidence
of a significantly inhomogeneous distribution of fluorescence intensities across the
scarfed surface regions.

Fig. 5.40 LIF results from the inspection of a real CFRP aircraft part; the blue bars correspond to
clean areas; the red bars correspond to contaminated areas; the numbers of inspected areas denote
the ring zones defined in Fig. 5.39
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5.6.1.5 Results for Laser Vibrometry

In the final step of the surface quality assessment of an Airbus A350 panel prepared
for bonded repair, the vibrometry technique was used to study a realistic aircraft
CFRP part.

As displayed in Fig. 5.41, the specimen to be inspected had been scarfed for
bonded repair, and thus, a stepped regionwas locally exposed. In order to excite elastic
waves in the part, a piezoelectric sensor was mounted close to the surface region of
interest. As can be seen in Fig. 5.41, the disc-shaped piezo element was located
on the panel surface area covered with primer, meaning it was some centimeters
away from the grinded area (where the black CFRP is contrasted in Fig. 5.41) that
surrounds themechanically treated stepped region prepared for bonded repair. Again,
we can distinguish eight (height) levels within the inspection area. The first is the
CFRP without primer and copper mesh and the next seven levels correspond to
the surfaces of the steps introduced by scarfing. The right half of the blackish area
was intentionally contaminated. The left side was left clean and the surface areas
in this region served as references for the inspection. As shown in Fig. 5.41, the
piezoelectric disc was placed alongside the borderline between the two areas in a
somewhat symmetrical position so that the elastic wave could propagate in both areas
(the clean and contaminated halves of the surface) in the same way. The spatially
resolved plot for the root mean square (RMS) of the vibration energy as obtained
from the vibrometer software is depicted in Fig. 5.42. This is overlaid on the top view
photographof the inspected regionof theCFRPpart.As inFig. 5.41, the contaminated
area is on the right side. The total area prepared for bonding is located between two
omega stringers, as may be perceived in the foreground of Fig. 5.41. The excitation
of an elastic wave in this area results in concentrations of the wave energy between
the stringers, which manifest as vertical lines in Fig. 5.42. Moreover, the central
image section of the displayed RMS plot shows a circular pattern corresponding to
the stepped area on the specimen’s surface. The data processing used for this part
followed the whole area scan employed for the moisture-enriched samples and pilot

Fig. 5.41 The setup for the laser vibrometry inspection of a real CFRP panel with the scarfed and
stepped areas for bonded repair
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Fig. 5.42 Space-resolved RMS plot obtained from the vibrometer software. The image section is
roughly half of that shown in this figure. As illustrated by the lateral view, the roundish delimitation
of the area prepared for bonding is located between two omega stringers. Excitation of an elastic
wave in this area results in concentrations of the wave energy between the stringers, as indicated
by greenish and blueish colors

level samples. Specifically, only the data points corresponding to the stepped area
were considered here. Next, this set of data points was divided into two halves. The
data points obtained in the surface region shown on the left half represented the
referential case, and by processing them, the E (proportional to vibration energy)
and 3σ values were calculated. The same procedure was conducted for data points
from the right stepped half of the panel surface. The clean area is characterized by
the values E = 3.58 ∗ 10−7V 2, 3σ = 9.96 ∗ 10−7V 2, while the contaminated area
showed E = 3.57 ∗ 10−7V 2, 3σ = 9.68 ∗ 10−7V 2. We discern that the E values are
practically identical and that there is a slight difference in the 3σ values.We conclude
that these parameters do not allow the two areas of the realistic aircraft part to be
distinguished, although the state of half the panel’s surface could be associated with
the application of the contamination used in the “DI-FP” contamination scenario.

Synopsis: Findings for the surface quality assessment within the repair user case

The challenge of the ENDT-based surface quality assessment consisted of identifying
intentionally deposited combined DI and FP contamination on a scarfed real Airbus
A350 CFRP panel. The surface area in contact with DI was more than one order of
magnitude larger than in the case of FP. Moreover, indications were obtained that the
surface area affected by potassium-containing substances from the DI expanded after
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the panelwas oven-heated at elevated temperatures.Depending on the assessable area
for each inspection method, the level of detail of the gained insights was different.

The findings achieved with the AWT clearly indicate that surface regions with
either type of intentionally deposited contamination can be differentiated from clean
surface regions.

The results obtained when we applied the enhanced e-nose techniques make us
confident of the accuracy achieved with these devices for detecting “RA-FP” or
“DI-FP” mixed contaminations at the presented levels of contamination, both in the
production and repair user cases and with realistic and real parts.

Comprehensive LIF inspection data provided evidence of a significantly inhomo-
geneous distribution of fluorescence intensities across the scarfed surface regions,
but the evaluation of the data subsets did not enable a reliable local differentiation
between clean and contaminated regions. Based on the FTIR spectroscopic outcomes
obtained with a portable spectrometer and the subsequent application of a partial
least squares (PLS) algorithm, indications for an intentional deposition of DI were
successfully substantiated.

Given the ample specimen geometry and the expectable substantial expenditure
of time, the stepped surface area of the scarfed and stepped CFRP specimen was
not investigated by laboratory-based reference analysis for reviewing the actually
applied contamination degree.

As indications displayed by AWT and other inspection methods like FTIR differ
with respect to the extent of DI-related contaminations, we recommend to utilize the
presented enhanced ENDT approaches in future projects in order to perform addi-
tional tests for validating the data post-processing, e.g. by applying a PLS algorithm,
when inspecting realistic parts.

5.6.2 Bonded Repair Assessment

Subsequently, we report on the outcomes obtained using the EMI, NLUS, and
LASAT inspections conducted for the bonding quality assessment after performing
the bonded repairs.

5.6.2.1 Results for EMI

In Fig. 5.43, we present a photograph of a real aircraft CFRP panel with a tailored
and adhesively bonded circular repair patch. The two piezoelectric sensors attached
to the top of the patched area are also visible. On the left, the sensor labeled DD5 is
positioned over the clean bonding area, while the second sensor (DD8) shown on the
right is placed over the contaminated region. Both sensors were attached in a gluing
process using a cyanoacrylate adhesive.

The selected electromechanical impedance characteristics of the sensors where
measured two times. First, the free sensors were characterized before gluing for
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Fig. 5.43 Photograph showing a real aircraft CFRP panel with an adhesively bonded circular repair
patch

referential purposes. Second, the signals from the bonded sensors were acquired on-
site while the panel was lying freely on the laboratory table and in an arrangement
similar to the one displayed in Fig. 5.43.

When we investigated the realistic part after the bonded repair for the repair user
case, we did not observe any additional local resonances using the sensors. This is
in contrast to the observations made for the production panel that was structured in a
significantly different way. The results of the conductance (G) analysis are depicted
in Fig. 5.44a. It can be seen that gluing the sensors causes the RMS values to drop.

Fig. 5.44 EMI results in the 3–5 MHz frequency region for the six joint states of a realistic
CFRP aircraft part that was repaired and investigated within the repair user case; a RMS values of
conductance and b frequency shift of the conductance peak
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Fig. 5.45 EMI results for 3–5 MHz frequency region for six investigated states of a realistic part
from the repair user case; a RMS values of resistance presented and b frequency shift of the
resistance peak

This finding indicates that the sensor vibrations have a lower amplitude, which is
attributed to damping effects. The findings for the sensor over the clean region were
quite similar to those for the one over the contaminated region. In Fig. 5.44b, we
present the measured frequency shift of the conductance maximum. The respective
shift for the sensor positioned over the clean bonding region was more than double
for the sensor glued over the contaminated region. So, the frequency shift indicates
a significant change in comparison to the behavior of the RMS values.

Next, we investigated the resistance curves in the same frequency range (3–
5 MHz). The gluing of the sensor resulted in a drop in the respective RMS values
(Fig. 5.45a). But the drop was not so significant as for the conductance. Interest-
ingly, we observe that the differences between the RMS values of the two sensors
are almost the same for the two investigated sensor states, i.e., the free sensor state
and the glued sensor state. The values for the respective differences between the two
sensors were found to be 4.25 and 4.53 �, respectively. Also, the frequency shift
did not differ significantly between these two states (Fig. 5.45b), since almost the
same value of shift is observed between the two free sensors and between the free
sensors and sensor bonded to the contaminated bond area. The results for the resis-
tance are interpreted as a low sensitivity of the high-frequency region of resistance to
the supposed structural differences between the clean and intentionally contaminated
bonding regions in the inspected part.

5.6.2.2 Results for NLUS

The fundamental frequency field obtained through the NLUS inspection of the real
aircraft CFRPpanel of the repair user casewith the bonded circular patch is visualized
in Fig. 5.46, and it shows a rather conventional standing wave pattern over the whole
area of the repaired region. In contrast, the higher harmonic fields measured in
the patch region (shown in Fig. 5.47) demonstrate quite different nonlinear field
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Fig. 5.46 NLUS fundamental frequency field excited in the bonded repair patch region of the CFRP
specimen from the repair user case

distributions. The second and third harmonics presented at the top and bottom of
Fig. 5.47 reveal a strong enhancement of the nonlinearity and, therefore, indicate a
lower bonding quality in regions of the patch that are discernible at the right-hand
side and lower part of the patch.

To reiterate here, we also observed an enhancement of nonlinearity in joint
regions with weaker bonds when we were mapping and imaging bonded joints
based on locally contaminated adherends in realistic aircraft components. In both
user cases, the accuracy of the accordance between the positions of the intentionally
prepared areaswithweakenedbonds and the regions identified andvisualizedwith the
NLUS approach was confirmed by the respective manufacturers of the contaminated
specimens.

5.6.2.3 Results for LASAT

In view of the challenges of a LASAT inspection, the repaired CFRP panel of the
repair user case comprised an adhesive bond at different depths, depending on the
positioning of the tested subzone with respect to the region of the repair patch. In
consideration of this fact, we defined a specific time delay for each inspected subzone
of the bond to set the maximum tensile stress induced during a LASAT shot on top
of the respective bond location. Moreover, the CFRP panel featured stiffeners on one
side. Therefore, we modified and adapted the testing procedure since access to both
sides of the panel was not viable for every shot.

Figure 5.48 presents a sketch diagram showing the selected shot pattern as well
as the general geometry of the panel.

The panel is partitioned into three distinct main areas, namely the stiffener area
(highlighted in dark brown in Fig. 5.48 where the panel can only be accessed from
one side, the stiffener flanges (lighter brown), where the stiffener is bonded to the
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Fig. 5.47 The second harmonic (40 kHz, top) and the third harmonic (60 kHz, bottom) NLUS
fields in the repair patch of the fuselage panel from the repair user case

panel, and the actual panel (light brown). As the whole panel was tested, S-LASAT
was complemented by standardmono-shot LASAT in the stiffener area. The obtained
results are summarized in Table 5.8.

Without applying the enhanced LASAT technique, we were unable to achieve a
clear differentiation between a contaminated and a sound region of the patch on top
of a stiffener. Both thresholds were alike, and from the ten LASAT shots performed
on the contaminated area, only two showed indicators characteristic of an opening.
The comparatively low energy required to open the bond might be explained by the
actual state of the repaired panel. Numerous porosities were found by the ultrasonic
test performed after the repair. Following the line of action for a quality assurance
procedure of a repair process, this finding would be considered an indication that the
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Fig. 5.48 Diagram of the LASAT shot partitioning on the adhesively bonded repair patch within
the CFRP panel of the repair user case. Contaminated joint regions (in contrast to clean ones) are
based on intentionally contaminated adherend surface regions

Table 5.8 Summary of the LASAT results obtained for the repaired CFRP panel of the repair user
case for sound and contaminated regions of the repair patch

Threshold
S-LASAT
(GW/cm2)

Total test
shots
mono 80%

Opened bond
mono 80%

Threshold
S-LASAT
(GW/cm2)

Total
test
shots
sym
80%

Opened
bond sym
80%

Sound area 0.63 7 0 0.72 8 0

Contaminated
area

0.63 10 2 0.61 8 8

workers did not perform a high-grade repair task. During the full-scale demonstra-
tion, we performed further inspection. Although the state of the panel did not meet
the demands, we achieved proper discrimination between the repair region on the
contaminated adherend surface area and the one on the sound adherend surface by
applying S-LASAT. We observed that only the area tested on the contaminated part
failed the LASAT test, and thus it was identified.

Advancing the S-LASAT technique enabled us to differentiate, for both inspected
panels, the contaminated area from the sound one. We faced some limitations of
the basic LASAT technique in assessing inspection regions with complex geome-
tries: If one side of the CFRP panel was not accessible, the technique could not
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be applied and a non-optimized testing approach, such as the mono-shot setup,
performed inadequately.

We consider the LASAT double-shock setup highly promising for overcoming
the existing limitations in the case of complex panel shapes and we will be ready to
perform further challenging studies in this vein.

5.7 First Evaluation of ENDT Procedures Introducing
a Probability of Detection Approach

5.7.1 Introduction and Motivation

In this section, we conduct in-depth evaluations based on a probability of detec-
tion (POD) approach to the findings achieved with the distinct enhanced ENDT
procedures. To this effect, we introduce the POD methodology and demonstrate its
aptitude for selected applications in several of the user cases introduced above. In
more detail, we propose cutting-edge evaluations highlighting initiatory POD for the
ENDT procedures advanced in the ComBoNDT project [1] and we base these on
selected findings from the previously described intentionally contaminated CFRP
adherend surfaces from distinct user cases. To scale the expectations, we consider
such investigations a prerequisite to any certification step. Indeed, performing a POD
evaluation is mandatory for any new non-destructive testing technique deployed in
service, including our applications. The subsequently described examinations were
performed as an important forward-looking contribution of the ComBoNDT project
to initiate prospective in-depth approaches for selecting technically appropriate
ENDT methodologies and procedures for specific quality assurance tasks following
a POD evaluation.

We are aware that we are unable to present a complete POD evaluation that
complies with technical standards. For example, a first aspect that we consider is that
none of the presented ENDT procedures is mature enough to have a fixed testing
workflowwith a well-defined threshold value that allows surface states to be robustly
identified as “ready to bond” based on the extensive (accelerated) testing of the
respectively manufactured adhesive joints. Therefore, we are as yet unable to define
an exact POD procedure for evaluating ENDT procedures. For this reason, we use
POD as applied for conventional NDT as a guideline, which allows us to outline the
background and basic principles of such an evaluation. We repeatedly highlight in
this report that there are some constraints on the formal resilience of the used data.
A second argument is that real POD is very time-consuming and expensive—with
good cause as it requires a large amount of reproducibly prepared specimens with
representative defect types and sizes that are intentionally introduced within a repre-
sentative range. However, we here merely include the three contamination scenarios
that were available for our demonstration. Third, it would be necessary to involve
various operators in order to account for the effects of individual human factors. In
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addition, to ensure a formal evaluation approach, the operators should not be scien-
tists with expertise in the evaluated ENDT technique but rather adequately trained
operators, and to enable blind testing, they should not have prior knowledge of the
defect introduced into the samples. Clearly, for the data gathered in the ComBoNDT
research project, these conditions were not fulfilled.

In spite of these differences, we consider the promising quality of the acquired
data to be interesting enough to start a simplified investigation. Therefore, we propose
a first POD evaluation here, albeit not for all the ENDT techniques and procedures
applied and not for every contamination scenario. Rather, we advantageously select
already available procedures and datasets that appear conveniently close enough to
typical POD procedures.

Subsequently, in the next section, we first provide general information about POD.
Then, we describe the selection and inquiry processes applied for gathering suitable
datasets from the ComBoNDT project partners for POD calculations. In this context,
we also explain some choices, especially regarding the values for the requested
contamination levels within a distinct scenario. We present the thus obtained results
in the main part of this section, whereby they are grouped by ENDT technique with
no specific prioritization. In the last part of this section, we draw some preliminary
conclusions and propose a synopsis table on the POD quantification to summarize
the main results obtained in this work.

5.7.1.1 General Information on POD Procedures and Tools

Following our layout, a POD procedure is applicable for a given list of quantifiable
features related to instantiated (sub)sets based on:

– a given material/structure to be inspected
– a given defect type
– a given NDT technique
– a given testing procedure

Regarding the user cases and scenarios from the ComBoNDT project, this means
that each POD calculation is valid for one specimen type (i.e., contaminated CFRP
for surface quality assessment, and assemblies comprising adhesive joints based
on contaminated adherends for bonding quality assessment), one contamination
scenario, and one ENDT technique and its associated diagnostic procedure. If one
of these instantiations or elements changes, then the actual POD approach might
change.

We designed the POD approach following the targeted purpose of accounting for
the uncertainties in the capability of an ENDT technique to detect a given defect.
Regarding the PODprocedure for non-destructive examination (NDE), “The POD(a)
function is defined as the proportion of all cracks of size that will be detected in
a particular application of an NDE system” [2]. The NDT result is made non-
deterministic because of the potentially numerous uncertainties. For example, the
actual defect (e.g., fatigue cracks), procedure, material, mechanical repeatability,



310 R. Ecault et al.

and human factor will influence the signal response of an NDT inspection. There-
fore, a POD evaluation is a statistical estimation of the performance of anNDTwith a
consideration of the uncertainties, accounted for via the dataset. The POD estimation
uses a sample set to gather data and is thus rather more “sample-dependent” than
inherently representative of the basic population.

In practice, there are two main approaches to estimating a POD, namely the
hit/miss model and the signal/response model. Some key elements are provided
below, andmore details can be found in the literature, such as Berens [2, 3], and other
publications related to non-destructive inspection (NDI) procedures, e.g., ultrasonic
inspection [4] and scheduling NDI [5].

Hit/miss approach

The hit/miss approach refers to a binary diagnosis providing as its output a logical
variable with the feasible values “detected” or “not detected”. For each flaw size a
of the dataset, the “observed POD” PODobs(a) is calculated as shown in Eq. (5.1).
The POD function for all a is then obtained through a parametric regression on the
PODobs values. The Berens parametric regression model uses cumulative normal or
log-normal functions.

PODobs(a) = Number of Hits (a)

Number of trials (a)
(5.1)

It is generally recommended to have a minimum of 60 flawed inspection sites
with at least three operators.

Signal/response approach

In this approach, the signal response S(a) from the defect with the flaw size a is used
to give a quantified diagnostic with regard to a decision threshold value sth (S(a) >
sth or S(a) < sth). For a given defect size a, S(a) is considered a normally distributed
random variable. The probability density function of the signal value, ga, has a mean
valueμa and a standard deviation ε independent from a (see Eq. 5.2). Then, the POD
for flaw size a is defined as in Eq. (5.3)

S(a) = ϕ(a) + εa(M) = μa + ε (5.2)

POD(a) =
∞∫

sth

ga(s)ds (5.3)

Some hypotheses must hereby be verified:
ln(S) and ln(a) (or S and a) are linearly linked: ln(S) = β0 + β1ln(a) + δ, with ß0

and ß1 representing regression parameters and δ being a normally distributed variable
with zero mean and variance σδ; σδ is independent of a.
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Then, the POD function is a cumulative log-normal(μ, σ2) distribution function,
with parameters shown in Eq. (5.4). The POD curve is then evaluated to estimate the
β0, β1, and σδ that best fit the signal data.

{
μ = (ln(sth) − β0)/β1

σ = σδ/β1
(5.4)

It is recommended to have a minimum of 40 flawed inspection sites with at least
three operators.

Regardless of the approach, the estimation of POD-based on several datasets
for the same measuring problem leads to several POD curves and facilitates the
evaluation of a confidence interval that is the dispersion in the POD results for a
given amount of data obtained for the sample:

– For a given flaw size a, the probability of detection with 95% confidence, labeled
“PODa/95”, is to be understood such that the estimated probability of detection
“PODa” has a 95% chance of being higher than PODa/95;

– For a given POD, the flaw size detectable with 95% confidence, labeled
“aPOD/95”, is such that the estimated flaw size “aPOD” has a 95% chance of
being lower than aPOD/95;

– Typically, the most common value is POD90/95, labeled a90/95 in this report. For
a given flaw size or contamination degree, this means a probability of detection
of 90% with a 95% confidence. As this value is the one generally communicated
to the authorities for aeronautics applications, we selected this one in this work.

To separate and classify the measured analysis data, one important parameter is
the detection threshold, and its determination can strongly influence the POD. We
recommend defining it in a way that ensures that the defect signature is identified and
differentiated from the noise and the saturation signal. In the case of the subsequently
evaluated data obtained in the ComBoNDT research project, a saturation of the signal
detection systems was not reached, and we consider the noise to be according to the
signal in the case of the reference noise level was defined considering the signal on
reference specimen. Therefore, we adjust the detection threshold so that it is, on the
one hand, superior to the reference values obtained using cleaned adherend surfaces
and, on the other hand, inferior to the lowest contamination values that could be
differentiated from the reference values.

POD model implementation in NDT software

The model described above uses CIVA software, which is one of the main simulation
software packages for NDT modeling.

In the upcoming section, which reports the results for selected example ENDT
investigations, we always display the POD findings using the same layout, which is
composed of three windows, as shown in Fig. 5.49. First, the top-left window repre-
sents thematerial-related data points as obtainedwith the respective techniques in the
ComBoNDT project. The underlying system of coordinates shows the contamination
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Fig. 5.49 The graphical user interface provided by the CIVA simulation software package for NDT
modeling. Most importantly, the upper-left window shows the measured material-related input data
and the lower window displays the calculated POD curves and the probability of detection a90/95,
as introduced in the text

values along the abscissa, as determined using a laboratory-based reference analysis.
Meanwhile, the values for the feature being quantified based on the ENDT inspection
are displayed along the ordinate. The dimensions and characteristics are individual
for each technique and they might be, for example, amplitude values. We used the
graphical user interface of this chart to adjust the detection threshold. Second, the
top-right window displays the data scattering and a control parameter for the numer-
ical model hypothesis, which is not detailed. Finally, the bottom window depicts the
calculated POD curves, upon which the introduced probability of detection a90/95
is generally displayed.

5.7.2 Input Data for POD Calculation and Compiled
Hypotheses

For the POD calculations, we gathered example datasets acquired with advanced
ENDT techniques and procedures for distinct and intentionally applied contam-
ination scenarios within different user cases. As indicated above, these datasets
were originally not measured following established POD approaches and instead
may be considered instances of a challenging supplementary blind testing. In detail,
we considered raw data because we wanted to maintain the statistical distribution
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within the data, and as many points as possible were required for the selected ENDT
tasks. As at least 30 points per contamination degree within a selected contamina-
tion scenario were required according to the model hypothesis, for the aspired POD
demonstration,we primarily relied on theENDTdata obtained for the smooth coupon
samples. Unlike with the more complex realistic and real CFRP specimens, the fact
that numerous coupon samples were available allowed the inspection specialists to
complement the ENDT datasets for which a POD calculation was performed, with
a wide score of datasets obtained using LIBS, AWT, E-nose, EMI, and NLUS.

As this section aims to provide a vivid and demonstrative presentation of our
POD approach, we focused on only one characteristic feature per ENDT technique.
This technique-specific feature was selected to be “differentiating” for the respec-
tive contamination scenario. By this, we mean that the contemplated ENDT testing
procedure was selected based on this characteristic feature so that not only could the
contamination be detected compared to a clean reference specimen, but also different
contamination levels could be distinguished. For this purpose, a feature value could
be a measured amplitude or velocity or a value deduced from measured quanti-
ties using a model. Moreover, the correlation between this assessed feature and the
contamination should be linearizable to respect the model hypothesis (see Fig. 5.50).
The data input was requested as shown in Fig. 5.50 as an example contamination
scenario. Hereby, we tested various scenarios and respective ENDT-based features.

Fig. 5.50 Schematic description of the input data required for the exemplified POD approach.
The contamination degrees Cont. 1, Cont. 2, and Cont. 3 were adjusted according to an accurate
intentional contamination procedure and were characterized by laboratory-based analysis, while
the ordinate values for Param 1 were obtained from the ENDT inspection
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5.7.2.1 Choice of Contamination Values

Here, we explain our cutting-edge approach and highlight the caution that guided
how we proceeded during our proof of concept.

As, to our knowledge, the POD approach has never been used for ENDT tech-
niques and the associated material-features, and as we aimed to introduce a quantita-
tive probability of detection for contaminants, we adapted the contamination values
included here in a way that the POD-based model converges. Indeed, the model was
established for defects that are conventionallymonitored in aeronautical applications,
such as cracks or delaminations, which are generally quantified referring to a length
inmillimeters, with relatively small values. Pragmatically and to avoid any numerical
issues, we thus decided to adapt and scale the contamination-related values from the
laboratory analysis and ENDT to remain in an expected range for the used numerical
tool. We list the thus obtained values in Table 5.9, and we briefly outline our value
implementation for each contamination scenario. Essentially, we used a consistent
procedure for all the contamination scenarios which had been realized centrally and
characterized by surface-sensitive XPS laboratory investigations in a standardized
way. For the local implementations of contamination scenarios, we relied on the
feature values that were individually measured in laboratories. Furthermore, in the
case of double-digit feature values, we scaled them as described subsequently.

– The contamination deposited on the CFRP specimens following the P-FP finger-
print scenario within the coupon sample production user casewas quantified using
the atomic surface concentrations [Na] and [Cl] given in at.% asmeasured byXPS.
For our POD calculation, we arbitrarily selected the [Na] values since they were
in the expected range for the input parameters of the POD software.

– For the RA contamination of the respective P-RA contamination scenario, the [Si]
as obtained by XPS was also directly used in the POD calculation.

– For the R-DI contamination scenario, which was based on depositing de-icing
fluid on CFRP specimens within the repair user case, we used the [K] measured

Table 5.9 Adapted and scaled values from laboratory analyses for distinct contamination levels in
the different contamination scenarios intentionally applied to CFRP specimens. Further details are
given in the text

Contamination Reference Level 1 Level 2 Level 3 Unit

P-FP 0.01 0.2 0.5 0.7 at.% of Na

P-RA 0.1 3.2 5.1 6.2 at.% of Si

P-MO (surface assessment) Measured locally and individually, values were not merged

P-MO (bonding assessment) 0.01 0.3 0.75 0.98 Rel. humidity

R-DI 0.1 6.4 10.9 12.0 at.% of K

R-FC 0.1 1 2 3 dimensionless

R-TD 0.01 0.4 0.8 1.0 °C/10

R-FP 0.01 0.2 0.5 1 % of Skydrol oil
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byXPS since the obtained valueswere in a range that compliedwith a conventional
defect.

– In the case of the P-MO scenario regarding moisture uptake, we proceeded in a
slightly different way because the exposure of the CFRP specimens to humid envi-
ronments was performed and characterized locally.We did not merge these values
but maintained their individual qualities for all assessments of surface quality. In
contrast, as the adhesively bonded specimens were prepared locally and then
passed on for bonding quality assessment, we used the respective communicated
mean values.

– In the case of the false curing R-FC scenario, we proceeded in a slightly different
way. As outlined above, the applied procedures for producing a weak bond did not
rely on any contamination quantification. The only quantified characteristic was
the curing temperature of the device used to bond the composite skin. However,
this temperature could not plausibly be directly used as a contamination value.
Therefore, we decided to use arbitrary values (see Table 5.9) in a way that a higher
value represents a stronger deviation from the qualified bonding process.

– In contrast to the FC scenario, we used the overheating temperature as a value
related to the incident level in the case of the thermal degradation R-TD scenario
because the excess temperaturewas applied directly, similar to a thermal “contam-
ination” on the skin. As the increments+40 °C,+ 80 °C, and+100 °C constituted
too great dimensionless values for the model input parameters, we divided them
by 10 to remain in a smaller number range.

– In the case of the R-FP scenario, which was based on applying a fingerprint
with Skydrol oil, the set value for the percentage concentration of Skydrol in the
fingerprinted liquid was used as a contamination value.

Finally, we would like to note that for all the contamination scenarios, the respec-
tive reference values were deliberately set as hypothetical values, and in short, are
supposed to represent features of cleanly prepared CFRP specimens. We chose each
value to be at least ten times inferior to the value of the lowest applied and investigated
contamination level. To be specific, it cannot be equal to zero, neither in practice nor
in the model that is supposed to correctly converge. We estimated this specimen state
and the respectively measured abscissa values to be a goodmaterial-related approach
to provide the noise level for each ENDT technique.

5.7.3 Examples of the First POD Evaluations

In this section, based on the abovementioned considerations, we present the first
POD calculations performed for the selected ENDT techniques and contamination
scenarios, for which a promising data basis was provided within the production and
repair user cases detailed in Chaps. 3 and 4. Since this was a preliminary investiga-
tion, we did not anticipate that any robust conclusions could be drawn for any ENDT
technique since the certified POD requirements were not accounted for during the
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data acquisition. Rather, and from the point of view of the POD methodology, the
aim was to establish whether our model hypotheses stood the first test. The two most
prominent and restrictive boundary conditions under question were, first, the mono-
tone evolution of the chosen and evaluated feature (specific to each ENDT method)
with an increase of contamination, and second, the presumption of a comparable
scattering within the data for each contamination level. We may anticipate here that
the subsequently presented results appear encouraging, offer interesting trends, and
provide a compass for the upcoming establishment of procedures for estimating
ENDT-related POD—indeed just what we aimed to elucidate.

5.7.3.1 Evaluating the AWT Surface Quality Assessment

As a first example, we present our findings of the POD calculation for a feature
obtained from the aerosol wetting test (AWT) data obtained by using the bonNDTin-
spect device for the RA contamination scenario within the production user case.

The first feature that we investigated was the average droplet diameter observed
after temporarily depositing primary droplets from a water spray onto intentionally
contaminated CFRP surfaces. The respective AWT results are presented in Table 5.9.
In this case, the POD model hypotheses are respected because the data are linearly
correlated with the various contamination levels and the scattering reduces with the
increasing contamination. In the next step, we positioned the detection threshold to
differentiate the findings of the minor contamination level “1” from those for the
cleaned reference surface. We determined that the set of measured feature values
obtained for level 1 partially overlap with the reference dataset. Specifically, one
point exceeds this tentatively set threshold. This finding affects the POD for the
AWT technique for this scenario, although the detection probability remains good
and achieves a90/95 = 3.0 at.% for Si atoms (Fig. 5.51).

From the technological point of view, we would like to highlight that we will
always be able to prepare CFRP surfaces with RA deposits that are so low that their
AWT droplet pattern can barely be differentiated from that of a reference sample
(or a set of reference samples). Thus, the technologically relevant aspect here is
to highlight the importance that those contamination levels that significantly affect
the fracture toughness, as an example of design-relevant criterion, can be reliably
detected. As shown in Chap. 2 for the RA-1 contamination scenario, depositing an
amount of Si-containing RA that corresponds to 3.0 at.% Si (as measured by XPS)
is related to a loss of the average fracture toughness. In detail, GIC and GIIC values
are reduced by almost 18% and 37% of the value respectively observed for joints
prepared with CFRP adherends with surfaces treated according to a qualification
process. The second AWT-based feature that we investigated was the wettability
instead of the droplet diameter. Based on essentially the same raw dataset, the thus
obtained results were slightly better, as can be inferred from Fig. 5.52. Indeed, the
evaluated data points for the lowest investigated contamination level (level 1) were
not in the range of the data for the reference surface state. When we used this feature,
the detection threshold thus completely separated the reference data from the level 1
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Fig. 5.51 POD curve for the AWT data obtained for the RA contamination scenario within the
production user case when using the droplet diameter on the CFRP surface as the feature for
evaluation

Fig. 5.52 POD curve for the AWT data applied for the RA contamination scenario within the
production user case when using the wettability feature for evaluation
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data. As a consequence, the POD curve was more significant. The calculated a90/95
value corresponded to 2.9 at.% of Si, which is very similar to the outcome of
applying the droplet diameter feature.

As a conclusion of these data post-processing options for the AWT findings, our
POD investigations have shown that in the case of the RA contamination scenario,
the performance of the testing procedure depends on the selection of the feature to
be evaluated. We found a better detection performance when using the wettability
feature compared to the droplet diameter feature. As a next step, from the data post-
processing point of view, we suggest performing a POD calculation by coupling the
two approaches to determine whether the performance can be extended even further.
From the test setup point of view, the area density of the applied aerosol droplets
could be further adapted to be optimal for this scenario. We would like to highlight
that at the end of the day, the multi-dimensional optimization of several parameters
would be desirable, which would require extended modeling resources.

5.7.3.2 Evaluating the FTIR Assessment in the Contamination
Scenarios

We performed POD calculations for several infrared spectroscopic (FTIR technique)
datasets that had been performed for various contamination scenarios in both the
production and repair user cases, namely moisture uptake in CFRP adherends, the
deposition of de-icing fluid, and the thermal degradation of specimens. The respec-
tively obtained results are presented as plots shown in Figs. 5.53, 5.54, and 5.55. For

Fig. 5.53 POD curve for the FTIR datasets in the case of the MO contamination scenario within
the production user case
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Fig. 5.54 POD curve for the FTIR datasets in the case of the DI fluid contamination scenario within
the repair user case

Fig. 5.55 POD curve for the FTIR datasets in the case of the TD scenario within the repair user
case

all the scenarios, the data are well suited for POD calculation; only the scattering in
the moisture scenario is slightly diverging. Otherwise, the detection threshold can be
easily placed to separate the reference values from the contamination values. With
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no overlap between the reference and the contamination data, the POD performances
are good. The values are presented in the following:

– In the case of the MO scenario, a90/95 = 30.4% of moisture uptake.
– In the case of the DI scenario, a90/95 = 4.5 at.% of K. This is good because the

value is below the first contamination degree (6.4 at.% of K).
– In the case of the TD scenario, a90/95= 25.5 °C of overheating. This performance

is good as the value is below the lowest contamination degree, which is equal to
40 °C of overheating.

5.7.3.3 Evaluating LIBS Procedures for Surface Quality Assessment

For the LIBS technique, we performed in-depth POD investigations and here present
the findings related to the aspect of assessing and increasing the robustness and reli-
ability of the technological procedure. We highlight the LIBS findings here because
numerous datasets, each with a considerable number of data points, were available
or were made available upon request. This was supported firstly by the fact that LIBS
is a spectroscopic, and thus multimodal, technique that provides several quantifiable
features and secondly by the sub-millimeter width of the spot-like CFRP surface
area assessed with a single LIBS shot. We performed these investigations for the RA
contamination scenario of the production user case for CFRP surfaces. For LIBS, the
actual testing procedure during data acquisition includes a high number of measure-
ments across surface regions that are small compared to, e.g., the lateral dimension of
the intentionally applied contaminations. This means that during the data evaluation,
an average calculation within a (grouped) set of data points may be performed to
compensate for the variability among the locally acquired data.

Based on these considerations, we evaluated in more detail how different
approaches to data processing affect the quality of the procedure in assessing quality-
relevant material surface features. In other words, our QA approach can be outlined
as follows: First, the user operates the LIBS device to perform several measurements
at various spots in a given area. During the processing of the thus achieved spectro-
scopic datasets, a spectroscopic feature is chosen—most often an intensity ratio of
two spectral signals with one representing the RA deposit and one comprising the
CFRP substrate. Then, an average is calculated for a group of feature values and is
considered as a quality-relevant data processing result for the respective area. In the
LIBS investigations described in Chap. 3, we experimentally established the number
of involved LIBS shot measurements based on a confidence interval. Subsequently,
we demonstrate how the procedure for refining this crucial criterion in the testing
procedure may be enhanced by applying the POD tool. Specifically, for calculating
the average values, we vary the size of the groups formed by the data points obtained
from the raw data of the LIBSmeasurement that were acquired at neighboring surface
positions.

Our starting point was a group size of one data point, meaning that we did not
actually calculate the average and instead considered each single measurement point
to be the result for the respective area that serves as the input data for the POD tool.
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The result of the POD calculation obtained for this boundary condition is presented
in Fig. 5.55. In this case, 60 data points were used per contamination level (also
including the reference surface state, which was also attributed to a contamination
degree of 0.1). Clearly, these are raw data and no averages were calculated. The
displayed data show that along with the increase of the contamination degree, there
exists a considerable overlap between the reference data range and the data range
for the contaminated samples. This finding hindered us from correctly positioning a
detection threshold since either many points from contaminated samples would be
below this threshold or some data points from non-contaminated surface positions
would be above it. This uncertainty surrounding the POD result means that it is not
satisfactory. The a90/95 does not even appear on the graph (as presented in Fig. 5.55).
These outcomes indicate, as already outlined in Chap. 3, that it is mandatory to
perform average calculations during the data processing to increase the reliability of
QA approaches based on the LIBS technique.

Therefore, we moved on to develop testing procedures based on calculating the
average values from the raw data obtained from several LIBS shots. First, we calcu-
lated the averages over groups of ten points, thereby obtaining the outcomes of the
POD calculation, as presented in Fig. 5.56. We worked with 120 points per contam-
ination degree, including the reference. To some extent, we used some of the same
data points as in the abovementioned first calculation. This means that we used 12
(averaged) values per contamination degree as input data for the POD calculation.
Initially, this dataset appears somewhat inadequate, but it was worth further inspec-
tion, and indeed, the POD calculation offered a better curve than previously. It was

Fig. 5.56 POD curve for the LIBS datasets in the case of the RA contamination scenario within
the production user case; the POD findings shown here were obtained by considering an evaluation
procedure without averaging
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Fig. 5.57 POD curve for the LIBS datasets in the case of the RA contamination scenario within
the production user case. The POD findings shown here were obtained considering an evaluation
procedure involving an average measurement per group of ten data points

still not possible to perfectly differentiate data points for the reference specimen from
the points for the first two contamination levels, but the third levelwas correctly deter-
mined based on the detection threshold. This enhanced approach thus led to a better
probability of detection, even if the a90/95 value was not yet obtained.

Hence, we had gained sufficient evidence to suggest another series of measure-
ments that were performed specifically for our POD investigations. Within this
advanced procedure, 36 measurement points were included from each surface region
of the CFRP specimen, and a total of 20 regions were inspected for each contam-
ination degree (including the reference). The POD calculation results presented in
Fig. 5.57 are thus based on an input dataset comprising 20 data points per degree, with
each point being an average of 36 measurements. The achieved results show a much
better probability of detection. We did not find any overlap between the data ranges
of the different contamination degrees, and we could identify and even reduce the
detection threshold. As all data points from the contaminated surface regions were
above this detection threshold, the final POD result was better. The a90/95 was eval-
uated to be about 3.2 at.% of Si. As shown in Chap. 2 for the RA-1 contamination
scenario, depositing an amount of Si-containing RA that corresponds to 3.2 at.% Si
(as measured by XPS) is related to a loss of the GIC and GIIC values by almost 18%
and 37%, respectively.

Briefly, in addition to this POD quantification, this in-depth study of surface QA
processes based on the LIBS technique for the RA scenario has provided some
interesting implications for establishing this testing procedure. For this contamina-
tion scenario, it emerged that doing averages over ten measurements for a total of
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Fig. 5.58 POD curve for the LIBS datasets in the case of the RA contamination scenario within
the production user case. The POD findings shown here were obtained considering an evaluation
procedure involving an average measurement per group of 36 data points

120 LIBS shots is not sufficient to obtain a good POD. By averaging 36 measure-
ments and performing 720 analytical shots, the POD improves to the point that it
can even be quantified. This overall data acquisition and evaluation process can
be maintained if the technique meets the detection requirements set for testing the
design-relevant mechanical performance of adhesive joints manufactured based on
the assessed CFRP adherends. We expect that the detection performance could be
further improved by evaluating more and/or larger average groups, as might be
revealed by another POD investigation. Clearly, establishing the optimum lateral
distance between neighboring LIBS spots should also consider the totalmeasurement
time required per CFRP surface area. In this respect, many of the presently applied
aeronautical user cases that require a significant number of manually performed
operations offer a sufficient time “buffer” for LIBS-based surface quality monitoring
(Fig. 5.58).

5.7.3.4 Evaluating NLUS for Bonding Quality Assessment

As an example of ENDT techniques for bonding quality assessment, we performed
POD investigations based on datasets obtained using nonlinear ultrasound (NLUS)
for five different contamination scenarios from the repair and production user cases.
The respectively obtained results for the P-FP, P-MO, P-RA, R-DI, and R-FC
scenarios are presented in this section in, Fig. 5.59, Fig. 5.60, Fig. 5.61, Fig. 5.62, and
Fig. 5.63, respectively. For this ENDT technique, the hit/miss approach was used.
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Fig. 5.59 POD curve for the NLUS datasets from the FP contamination scenario, applying a
hit/miss model approach

Fig. 5.60 POD curve for the NLUS datasets from the MO contamination scenario, applying a
hit/miss model approach
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Fig. 5.61 POD curve for the NLUS datasets from the RA contamination scenario, applying a
hit/miss model approach

Fig. 5.62 POD curve for applying NLUS as an ENDT technique for the DI contamination scenario,
applying a hit/miss model approach

After examining the NLUS datasets for each scenario, this approach was motivated
on the one hand by the finding that the correlation between the feature signal ampli-
tude and the applied contamination level was never monotonous or linear. However,
the values obtained for the adhesive joints prepared from intentionally contaminated



326 R. Ecault et al.

Fig. 5.63 POD curve for applyingNLUS as an ENDT technique for the FC contamination scenario,
applying a hit/miss model and tentatively excluding an assumed outlying data point

adherends were well separated from those found for the reference specimens, and
this finding enables an NLUS expert to make a diagnosis since, based on their expe-
rience, such a signal pattern is typical for ultrasound diagnostics. Effectively, when
the signal amplitude exceeds a given threshold (called a “gate” in the case of conven-
tional ultrasound), then a defect is indicated. This behavior is thus well suited to a
procedure based on the hit/miss model approach.

The results are detailed in the captions of the respectivefigures and are summarized
comprehensively below. We would like to remind the reader here that applying the
hit/miss model requires 60 data points per contamination degree. As during our
orienting approach we used only ten data points, we would like to highlight that
some care shall be taken before drawing in-depth conclusions.

– For the P-FP scenario, the data points for contamination level 1 were in the range
of the values obtained for the reference specimen state. For a given contamination
level, this decreased the probability of detection. The a90/95 is about 0.48 at.%
of Na (as measured by XPS), which roughly corresponds to contamination level
2. However, the probability of false detection is high. As shown in Chap. 2 for the
P-FP-2 contamination scenario, depositing an amount of Na-containing fluid that
corresponds to 0.5 at.% Na (as measured by XPS) to a loss of the GIC and GIIC

values by 8% and 61%, respectively, as compared to the values observed for joints
prepared with CFRP adherends with surfaces treated according to a qualification
process.

– For the MO scenario, better discrimination between each contaminated sample
and the reference specimen was obtained, leading to a90/95 = 19% of relative
humidity. As shown in Chap. 2 for the MO-1 scenario, incorporating an amount
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of water that corresponds to 30% r.h. is not related to a loss of the GIC value but
to a significant loss of the GIIC values by 45%.

– Plausible data were also obtained for the RA scenario. The calculated value was
a90/95= 2.0 at.% of Si. As shown in Chap. 2, this surface concentration is smaller
than the one obtained and measured by XPS in case of the most exiguous contam-
ination level investigated following the RA-1 contamination scenario. For this
scenario, a loss of the GIC and GIIC values by almost 18% and 37%, respectively,
was found.

– For the R-DI scenario, the POD calculation also showed good performance. The
estimated a90/95 was about 4 at.% of K, which was low enough to be below
contamination level 1. This uncovers a technologically relevant and interesting
potential since, as shown in Chap. 2 following the R-DI-1 contamination scenario,
depositing an amount of K-containing fluid that corresponds to 6 at.% K (as
measured by XPS) is related to a loss of the GIC and GIIC values by almost 30%
and 56%, respectively.

The NLUS data evaluation for the FC scenario required slightly more attention
than the other scenarios. Indeed, in the case of the R-FC scenario, only one point
from contamination level 3 was below the detection threshold that was placed above
the reference data range. Since very few points were available, this point alone had a
strong influence on the POD calculation as it had more weight. The a90/95 is equal
to 2.5, meaning it lies between bond strength levels 2 and 3. If we consider this point
an outlier and exclude it from the data range, with plausible justification, we may
estimate what the POD would be without it or with more data (assuming additional
points above the threshold). The result of such a consideration is given in Fig. 5.63.
This leads to a90/95 = 0.677, i.e., below level 1, which is much better than when
considering this assumed outlier to be significant. From a data-driven perspective, we
thus conclude that it appears to be implausible to weigh and use this value unless an
appropriate justification is given, e.g., through experimental replication or a physics-
based explication. In essence, we recommend providing a sufficiently substantial and
consolidated set of measured data points for any technically relevant POD approach.

5.8 The Results of the Full-Scale Demonstration:
An Overall Synopsis of the Technology’s Performance

As a final summary of this chapter, we propose Tables 5.10 and 5.11 as a synthesis
of the ENDT performance that was evaluated during the three-day full-scale demon-
stration during the ComBoNDT project [1]. We considered both production and
repair user cases that were based on realistic and real CFRP parts, respectively. We
highlight that our retrospective perception that the implementation of the full-scale
demonstration with an aeronautic scope of application, of which we summarize
the discrimination performances here, was largely paved by the coupon test phase
described in Chaps. 2, 3, and 4 of this book.
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Table 5.10 Synthesis table of the performance demonstration for extended non-destructive testing
(ENDT) tools and procedures that were advanced and applied during the ComBoNDT [1] project
for CFRP specimens with flat (coupon samples) or complex (pilot and full-scale parts) shapes. The
materials represent technologically relevant production or repair user cases for which different
contamination scenarios had been identified, namely the exposure to moisture (MO), release
agent (RA), fingerprint (FP), de-icing fluid (DI), false curing (FC), and thermal impact (TD)
scenarios, as well as scenarios realized by simultaneously applying a combination of intentional
contaminations. The ENDT techniques comprise Optically Stimulated Electron Emission (OSEE),
Laser-induced breakdown spectroscopy (LIBS), two differently implemented approaches based on
electronic noses (e-nose), laser vibrometry, Laser-Induced Fluorescence (LIF), an aerosol wetting
test (AWT), Fourier transform infrared spectroscopy (FTIR), electromechanical impedance (EMI),
magnetostrictive sensors (MGSS), nonlinear ultrasound (NLUS), and laser shock adhesion testing
(LASAT). Further composite characterization was performed by ultrasound (US), micro-computed
tomography (μCT), and mechanical tests focusing on fracture toughness

ENDT COUPONS PILOT & FULL SCALE
PRODUCTION REPAIR PRODUCTION REPAIR

MO RA FP DI FP / FC TD RA+FP R-DI+FP
OSEE V V V V V X
LIBS X V+ V V+ V+ X V

E-nose V V V V V V V+ V+
Vibrometry V X X X X X X

LIF X X X X X V220°C X
AWT V+ V+ V V X V V V+
FTIR V+ X X V+ X V+ X Nmore data needed

Mech. test V+ V+ V+ V+ V+ V+
US X X X X V+ V+
μCT V V V V V V
EMI V X X X V V N X

MGSS X X V X V V X VFP

NLUS V V+ V+ V+ V+ V+ Nmore data needed Nmore data needed

LASAT V V V V V V+ V V
CAPTION V+: Detection & discrimination – V: detection – X: no detection/ not conclusive – N: Partial/ doubts remain

As we present the survey of our findings graphically, we would like to give some
hints and details to ease the reading and to enhance the clarity of these summarizing
presentations. Basically, we used a color code, marking the ENDT outcomes for
the surface quality assessment in blue, the ENDT findings for the bonding quality
assessment in green, and the respective laboratory-based analytical referencemethod
findings for the bonded specimens in red. Then, for each cell, we use a code following
the subsequently listed captions to estimate the performance of the inspection tools
and procedures that we advanced and applied during the ComBoNDT project:

– “V+” shows that both the detection of and discrimination between different
contamination levels or different contamination types in the case of multiple
contaminations were achieved;

– “V” indicates that the detection of a contamination-based deviation from the
reference specimen was managed;

– “X” denotes that a detection was not accomplished or was not conclusive;
– “N” means that only a part of the contamination scenario was captured or

encompassed with some doubts remaining (see Table 5.10).
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Table 5.11 Synthesis table of the a90/95 results obtained from the preliminary POD evaluations
performed for the example ENDT techniques, the features assessed by data evaluation, and
the contamination scenarios applied to CFRP adherends. The ENDT techniques examined here
comprise the aerosol wetting test (AWT), Fourier transform infrared spectroscopy (FTIR),
Laser-induced breakdown spectroscopy (LIBS), and nonlinear ultrasound (NLUS)

ENDT technique Contamination/evaluated feature Calculated a90/95

AWT P-RA/droplet diameter 3.0 at.% of Si

P-RA/wettability 2.9 at.% of Si

FTIR P-MO Moisture uptake upon exposure to
30.4% r.h.

R-DI 4.5 at.% of K

R-TD 25.5 °C of overheating

LIBS P-RA 3.2 at.% of Si

NLUS P-FP 0.5 at.% of Na

P-MO Moisture uptake upon exposure to
19.1% r.h.

P-RA 2.0 at.% of Si

R-DI 4.0 at.% of K

R-FC 2.542

To provide quantitative indications of the ENDT performance, we evaluated
example datasets obtained using different ENDT techniques and for different
scenarios. For this purpose, we applied a POD approach that was reduced in
complexity as compared to more formal and far more comprehensive technologi-
cally relevant procedures. The performanceswere quantified using the a90/95 values.
When available, the values are listed in Table 5.11. We highlight here again that this
was only a first estimation since we did not perform a strict POD procedure to obtain
these figures. We suggest that the next step should be to cross-check these values
with the results from mechanically testing the adhesively bonded joints comprising
intentionally contaminated adherends in order to correlate the PODwith the expected
decrease in the design-relevant mechanical material properties.

Furthermore, our simplified and preliminary POD investigations provided useful
information. In some cases, a direct output of our POD approach was a refinement of
ENDT testing procedures. For example, it was shown that evaluating the wettability
feature wasmore promising than relying on the droplet diameter feature in the case of
applying AWT for RA detection within the RA scenario. Similarly, the POD results
also quantified the effect of the actually performed stepwise testing procedure on
the probability of detection in the case of applying LIBS for this scenario. Indeed,
better performances were obtained in this case by increasing the number of spot-wise
measurements to an extent that was acceptable both from a performance and from a
time-demand point of view.

In other cases, our POD approach showed that the assessed testing procedure was
not yet sufficiently adapted as decreasing POD curves were obtained. That was the
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case, for example, when applying laser vibrometry for assessing specimens prepared
following the MO scenario. However, our POD approach offered some clues on how
to change the testing procedure to enhance the detection performance.

We conclude that the POD work introduced in this chapter represents the first
step, and taking all the promising results into account, it would be interesting to push
these investigations further as they offer much promise for the application of ENDT
datasets obtained in the frame of a comprehensive real and adapted POD procedure.
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Abstract In this chapter, we outline some perspectives on embracing the datasets
gathered using Extended Non-destructive Testing (ENDT) during manufacturing or
repair process steps within the life cycle of bonded products. Ensuring that the ENDT
data andmetadata are FAIR, i.e. findable, accessible, interoperable and re-usable,will
support the relevant stakeholders in exploiting the contained material-related infor-
mation far beyond a stop/go decision, while a shorter time-to-information will facili-
tate a prompter time-to-decision in process and product management. Exploiting the
value of ENDT (meta)data will contribute to increased performance by integrating all
defined, measured, analyzed and controlled aspects of material transformation across
process and company boundaries. This will facilitate the optimization of manufac-
turing and repair operations, boosting their energy efficiency and productivity. In this
regard, some aspects that are currently driving activities in the field of pre-process,
in-process and post-process quality assessment will be addressed in the following.
Furthermore, some requirements will be contemplated for harmonized and conjoint
data transfer ranging from a bonded product’s beginning-of-life through its end-of-
life, the customization of stand-alone or linked ENDT tools, and the implementa-
tion of sensor arrays and networks in joints, devices and structural parts to gather
material-related data during a product’s middle-of-life application phase, thereby
fostering structural health monitoring (SHM).
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6.1 Introduction

One of the foremost ongoing trends and initiatives is not only that data are collected
and exchanged for documentation purposes along a process or value chain, but
also that value can be added if the substantial information contained in these data
is extracted by the providers and owners. This typically means evaluating several
sets of interconnected metadata, measured characterization data or simulation-based
modelling data that constitute knowledge sources.

In the first of the subsequent sections, we accentuate the technical benefits of
consistently linking joints with their associated material-related data. We base our
selection of potential prospects on our perception of the distinctive prevailing global
transport of material goods, combination of logistic processes and transfer of ideas
along with the life cycle of material products such as adhesive joints. From this
network point of view, the urgent need for composite product data interoperability
for life cycle management and the sustainment of aircraft fleets was recently high-
lighted by McMillan et al. [1]. Next, we highlight how the balancing of customiza-
tion and efficiency will profit from a certain readiness for standardization and from
establishing the consistency of (meta)data formats. This will help overcome the
need for data translation at each interface [2]. In this context, we present the outline
of a research project that resulted in the successful development and implementa-
tion of a customized hand-held aerosol wetting test (AWT) device relying on the
core elements presented in the ComBoNDT project [3]. After that, we introduce
stepwise approaches for integrating ENDT investigations using optically stimulated
electron emission (OSEE) and the space-resolved findings in, e.g., material data
management systems while safeguarding data integrity. We show how the concept
developed in the ComBoNDT project [3] facilitates the linking of ENDT data with
design-relevant features that are significant along the life cycle of adhesive joints.
Finally, we complement the latter two surface quality-related approaches through
the prospect of material-integrated sensor networks and fibre-based sensors, thereby
facilitating the structural health monitoring (SHM) of adhesive joints.

6.2 Data Transfer Along the Product Life Cycle

In Chap. 1, we introduced the image of an enhanced triangular industrial automation
pyramid, in which only two of the three lateral faces of the pyramid were presented.
The third face, which was hidden in the sketch due to the limited angle of view rather
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than a limited awareness, represents the environmental impact during the manufac-
turing phase. Therefore, we highlight the environmental aspects during the complete
product life cycle in Fig. 6.1, showing the top view of a tetrahedron and sketching the
incorporation of the manufacturing process as a part of a product’s beginning-of-life
(BoL) period. In this way, the relevance of the manufacturing characteristics for the
sustainability of a product is illustrated.

In the previous chapters of this book, we demonstrated that using advanced ENDT
tools and procedures facilitates the gathering of high-quality data from production
or repair processes based on adhesive bonding technology to obtain high-quality
products. From an overall material-related and process-comprehensive perspective,
the outcomes of the United Nations Conference on Environment and Development
(UNCED) in Rio de Janeiro, 1992, stressed that sustainability is the principal world-
wide political goal for the future development of humankind, and thus, shall be
respected during any product life cycle. This challenge encompasses environmental,
economic and social (or societal) aspects. Related tools supporting researchers and
developers in tackling these challenges are the internationally standardized life cycle
assessment (LCA) for the environmental part, life cycle costing (LCC) for the
economic assessment, which also accounts for the use and end-of-life phases, and
social life cycle assessment (SLCA), which may be applied after identifying the
system boundaries [4]. Product sustainability may also be captured following the
holistic concept of life cycle management (LCM). As pointed out in the framework
of the United Nations Environment Programme [5], “understanding, quantifying
and communicating the environmental impacts and resource consumption of prod-
ucts” are essential steps on the way towards a “resource-efficient twenty-first century

Fig. 6.1 Triangular pyramidhighlighting the relevance of all product life cycle phases on a product’s
environmental impact
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green economy”. Aggregation of the involved data at the product system level and
their management in databases support an intelligent understanding and a trajectory
towards sustainable development. Therefore, it is not surprising that LCA and LCC
are used in the early phases of aircraft structural design based on CFRP parts [6].
Calado et al. demonstrated in the framework of a combined LCA and LCC approach
that the quality control (QC) process step following the demoulding and finishing of
a CFRP part may be evaluated based on the QC cycle time and the reject rate of the
quality assurance step [6]. This approach throws light on the relevance of reliable and
accurate ENDT procedures not only for the quality assessment of CFRP parts before
the subsequent process step, but also for the ecological and economic impacts of
quality assurance when designing an adhesive bonding process. Considering merely
the surface quality of a CFRP adherend, space-resolving ENDT tools facilitating
a local cleaning on demand, while also largely avoiding false negatives within the
quality assessment, will guide and support process engineers in choosing an appro-
priate and sustainable pre-treatment in the case of a reject duringQC.Beyond that, we
infer that the life cycle-based sustainability assessment of adhesively bonded prod-
ucts will largely profit from ENDT procedures and interoperable ENDT datasets, for
instance, for optimizing futurematerial-related process steps or due to the availability
of joint-specific data that can guide individualized decisions during maintenance,
repair and overhaul (MRO) and the end-of-life phase.

Avoiding waste during all the life cycle phases of a product will contribute to
greatly enhancing its performance from a twenty-first century perspective. As Otte
et al. point out with respect to manufacturing, the “ability to quickly access and share
data is key to optimizing and streamlining any industrial production process” [7].
Following the apparently linear time axis in Fig. 1.4 (Chap. 1), which points from
input towards output in thematerial transformation process during adhesive bonding,
we would like to go beyond the view of a local manufacturing or repair process and
outline some examples of worldwide data-based workflows based on interlinking
several such pyramids and exchanging data from various sources and with distinct
data quality. For such global scenarios, we would like to draw upon aspects of the
nine Industry 4.0 clusters identified by Hermann et al. [8], namely interconnection,
collaboration, standards, security, data analytics, information provision, decentral-
ized decisions, physical assistance and virtual assistance. Referenced by worldwide
and European initiatives, holistic life cycle-based thinking and acting are gaining
meaning and visibility, thus embracing the putative perception of a finally ending
sequence of subsequent phases in a product’s life through a life cycle within a more
holistic conception, as depicted in Fig. 6.1. Therefore, in themore general perception,
such circular reasoning is, on the one hand, throwing light on connecting the end-of-
life (EoL) and beginning-of-life (BoL) scenarios of products from thematerial-based
technical, social, ecological and economic points of view comprising sustainable
development. On the other hand, maintenance and repair, as essential user cases
during the middle-of-life (MoL) life cycle phase [7], are gaining attention in light of
product life cycle assessment (LCA) procedures. Pragmatically, this means that for
any form of EoL recycling, material-related information on the BoL or MoL actions
and their effects shall be seminal.Material-related data thatmeet FAIRdata principles
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and that are straightforwardly gathered during manufacturing or repair processes are
pathbreaking in this sense. The interoperability of exchanged data facilitates knowl-
edge management based on necessary ontologies like Basic Formal Ontology (BFO)
[7] or the recently developed European Materials Modelling Ontology (EMMO)
for applied sciences [9, 10]. EMMO is integrated into virtual marketplaces like
VIMMP [11, 12] or MarketPlace [13] and allows end-users to represent their manu-
facturing process and innovation challenges in a standard ontological form. This
is supported by smart targeted guidance through the whole translation process to
“deliver a full complete experience to companies”, profiting from an ontology-based
open translation environment grounded in EMMO [2].

From the material point of view, we would like to accentuate that in adhesive
bonding technology, the quality and durability of joints are crucially determined by
the scale-comprehensive effects of molecular interactions and mesoscopic transport
processes during the formation of adhesion between adherends and the adhesive
system [14]. On the one hand, we would like to express our expectation that ontolo-
gies will be the foundation for combining physics-based and data-driven approaches
in order to assess more deeply the formation of adhesion and its time-dependent
development during the BoL and MoL phases of bonded joints and the respective
products, thus contributing to more sustainable material development. On the other
hand, we would also like to exemplify that evaluating the ENDT datasets of pre-
bond adherend surfaces and adhesively bonded joints continues to advance and is
increasingly assisting in cleaning and joining processes in a growing number of user
cases.

From the process point of view, we estimate that the abundance of adherend
materials and their geometrical shapes, surface pre-treatment process steps, adhe-
sive systems (multi-layered and multi-component), application tools and implemen-
tations of the bonded joints involving distinct environments in production, main-
tenance and repair processes will drive the need for technological adaptation and
the demand for information exchange. We expect further customization of ENDT
tools and an increasingly individual definition and realization of their interfaces with
the surrounding network of catenated integrants of quality assurance systems, e.g.
with further NDT tools or by having control personnel organized within the automa-
tion pyramid. From our point of view, a systematic common language based on
shared top-level or domain-specific ontologies will greatly support the directed and
unambiguous communication and exchange of findable, accessible, interoperable
and reusable data and information.
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6.3 Customization and Further Advancement of ENDT
Tools and Procedures

Based on the available knowledge, e.g. that achieved within the ENCOMB and
ComBoNDT research projects, and driven by market reviews and customer feed-
back for detailing the technical and economic user case aspects, interested stake-
holders may instigate further developments along with the initiated ideas, thereby
contributing to innovative ENDT procedures in the third decade of the twenty-first
century. Here, we would like to show through examples that the customization of
ENDT tools and procedures is, on the one hand, based on the elaborated, docu-
mented and available outcomes of the last decade, at the end of which we performed
the developments described in the following. On the other hand, such customization
further facilitates tailored and improved customer interaction and increased customer
satisfaction.

In the previous chapters,wepresentedhowcustomizing the operandswas achieved
in the ComBoNDT research project by configuring a set of CFRP adherends
with different surface states. In addition, both the ENDT tools and the respective
procedures were technologically advanced. Beyond that, their customization while
following standardized approaches is a frequent challenge for studies focusing on
operator-related aspects. We would like to highlight here that within the consortium
of the ComBoNDT joint research project, this line of action was followed not only by
the contributing research institutions, but especially by the small and medium-sized
enterprise (SME) partners involved. Significantly, a fast and targeted response to the
increasing market demand for NDT technologies is being provided by innovative
SMEs [15].

In the following, we highlight the findings of the recently completed HANOB
joint research project, involving partners from institutional and SME research and
development (R&D), which developed a portable ENDT device used to perform
a handheld wetting test [16, 17]. Hereby, a portable measuring system to monitor
the wettability of surfaces was designed and developed, and a prototype setup was
constructed. The basic components comprise an aerosol nozzle for generating a well-
defined spray pattern of pure water, LED-based illumination, and a compact camera
for capturing the approx. 10 cm wide droplet pattern resulting in the substrate being
inspected, as sketched in Fig. 6.2.

With this easy-to-use setup, it is possible to detect, analyze and objectively eval-
uate changes in the wettability of components. For technologically relevant user
cases, it was also demonstrated that the effectiveness of the performed surface
pre-treatment procedures can be mapped and the presence of contaminants can be
detected. The developed compact prototype enabled a reliable surface quality inspec-
tion to be performed on intricately accessible surface regions and locally pre-treated
substrate surfaces. The manipulation and operation of the device, as well as user
prompting through a newly developed intuitive graphical interface operated via a
touchscreen, were designed to facilitate easy operation after brief operator training.
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Fig. 6.2 Sketch of a hand-held customized aerosol wetting test device

Once it has been further developed to achieve the readiness level of an industrial
device, this portable setup will provide an advantageous cost/performance ratio and
will be deployable not only in production, e.g. for the inspection of target areas, but
also in the field during repair processes in applications far exceeding aeronautical
user cases. Nonetheless, the example application we highlight in Fig. 6.3 shows the
HANOB demonstration setup during the inspection of a wing flap. Applied in such
demanding environments, this portable device will bridge visual inspection with the
naked eye and automated quality assessment.

As both the portable prototype and the industrial robot-aided AWT devices for
automated large area inspection yield complex yet similar datasets, we anticipate
that standardizing the data acquisition and analysis and further developing data post-
processing options for AWT findings will amplify the application portfolio of this

Fig. 6.3 HANOB demonstration setup operated for the inspection of a wing flap from Airbus
Germany
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ENDT method. Based on the insights and experience gained in the ComBoNDT
project reported in Chap. 5, we anticipate that robust physics-based or data-driven
post-processing procedures will contribute to increasing the process reliability in
coating, painting and bonding applications. For example, our probability of detec-
tion (POD) investigations of the AWT datasets obtained for CFRP surfaces showed
that in the release agent contamination scenario, the performance of the testing proce-
dure depended on the selection of the characteristic image feature to be evaluated.
We revealed a better detection performance when using the feature of wettability
instead of using the feature of droplet diameter. As a next step, from the data post-
processing point of view, we suggest performing a POD calculation by coupling the
two approaches to determine whether the performance can be advanced even further.
From the test setup point of view, the area density of the applied aerosol droplets
might be further adapted to be optimum for this scenario. Thereby, an automatized
optimization of themonitoring process, e.g. by tuning both the aerosol deposition and
the feature-dependent detection performance, could facilitate reproducibly adjusted
and customized inspection settings. We would like to highlight that at the end of
the day, the multi-dimensional optimization of several parameters would be desir-
able, which would require extended modelling resources. Thereby, the advantageous
interplay between quality assurance and digitalization is showcased.

6.4 Harmonized Presentation of ENDT Data and Metadata

Currently, the European Commission is orchestrating several ongoing European
initiatives to establish an open innovation environment that, from our point of view,
will also have a substantial impact on product quality control.Webase these prospects
on, for instance, the discernible progress in establishing a standard data structure for
materials characterization (i.e. CHAracterization DAta (CHADA) [18]) and mate-
rials modelling (i.e. MOdellingDAta (MODA) [19]) with a range of potentially
very different approaches and methods. We highlight here examples of those activ-
ities under the umbrella of the European Commission, which are embodied by the
interacting [20] European Materials Modelling Council (EMMC) [21, 22] and the
European Materials Characterisation Council [23], both of which have gained high
visibility due to their agile web presence.

As an example, in Fig. 6.4, we suggest an approach for a CHADA documenta-
tion implying metadata aspects for the inspection of a CFRP part using the ENDT
technique known as optically stimulated electron emission (OSEE). We would like
to highlight that such an approach exceeds that described in Chap. 1 due to its
more comprehensive and standardization-oriented setting. Moreover, embracing the
physics of material interactions, as described by Romanos et al. [18] for impacting
probes (here: ultraviolet light) and detected probes (here: photoelectrons), may be
perceived as an expression of a physics-based consideration of thematerial properties
and the characterization process itself. We may consider a physics-based approach
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Fig. 6.4 Example of a CHADA (CHAracterization DAta) documentation implying metadata
aspects, probe/surface interactions, and data processing steps for the inspection of a CFRP part
using the optically stimulated electron emission (OSEE) ENDT technique; composed following the
approach described by Romanos et al. [18]

complementary to rather data-driven regression methods that aim to find mathemat-
ical structures for the analysis of experimental information [24]. Combining both
approaches systematically will be greatly facilitated by the interoperability ofmodels
and data.

We start by assessing further details of the recently presented systematic CHADA
documentation shown in Fig. 6.4 for the required user responsibilities, comprising
several aspects common to multiple-stage analytical processes. Both material-
oriented, i.e. operand-related, and instrumental, i.e. operator-related, competencies
are highlighted. In addition to setting up a specimen to be analyzed and a sensor
before a surface inspection, the CHADA approach stresses the importance of cali-
bration in accessing the characteristic material-related properties from the measured
properties of analytical probes. The concept detailed in Chap. 1 and implemented in
the ensuing chapters is based on preparatively adjusting finely graduated and tech-
nologically relevant surface states to purposefully vary operand features. Starting
from such a set of customized operands, we effectively established both the partic-
ular sensor response and the response of a standardized technologically approved
test for assessing design-relevant (mechanical) features. In this regard, we would
like to refer to the discussion in Chap. 3 on the OSEE findings for CFRP coupon
specimens. We inferred from our investigations that the OSEE response is affected
by both deposited contaminants and the lateral inhomogeneities of the CFRP surface
following the manual grinding process. Furthermore, we discussed that de-coupling
these two aspects might broaden the application scope of this ENDT technique. We
accentuate here that such a de-couplingmight be achieved through sophisticated data
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analysis or the investigation of materials with a well-known composition and struc-
ture. In a certain manner, this reasoning places a focus on monitoring and describing
the progress and effects of the manual grinding process used for CFRP surface pre-
treatment. One lesson learned during the ComBoNDT research project was that the
CFRP surface curvature imposes not only challenges related to the accessibility of
the CFRP surface for the ENDT tool, but also issues related to a higher lateral inho-
mogeneity of the abrasive surface pre-treatment. In a physics-based approach, visu-
alizing the latter might be achieved by locally accessing the distribution of exposed
carbon fibres and capping by the matrix material as a position-dependent feature of
theCFRP surface. Following themore pragmatic concept described in this book, such
local variations intrinsically rather contributed to variations in a signal background
or to a signal width, and we considered it essential to characterize and document
these implications for each user case and contamination scenario based on care-
fully manufactured reference specimens. This is one of the reasons why we included
their consideration within the ten heuristic quality assessment principles outlined in
Chap. 1.

From the material application perspective, on the one hand, the ENDT datasets
obtained for adherend surfaces in a harmonized way can (from a technical point of
view) be communicated and immediately assessed along the process chain in those
production and repair user cases that profit from adhesive bonding. On the other hand,
the consequences of such relevant material-related information on the behaviour of
an adhesive joint are not intuitively evident. Therefore, it is essential to link the
inspection data to the material features that are relevant to the design, and eventually
the durability, of the device or structural part incorporating the inspected adherend.
As outlined in Chap. 1, this link is provided by applying the concept developed in the
ComBoNDT project. For example, enhancing the procedure described by Tornow
et al. [25], Moutsompegka et al. demonstrated this conceptual approach by linking
OSEE-based ENDT data for one scenario of one user case [26] with design-relevant
fracture toughness findings. In Fig. 6.5,which is based on test results obtained in tech-
nologically relevant user cases during the ComBoNDT, we exemplarily demonstrate
that findings from the fracture toughness tests qualitatively and even quantitatively
go along with the scenario-specific ENDT inspection datasets obtained from surface
monitoring of CFRP adherends with OSEE before the bonding process.

6.5 Sensor Systems, Arrays and Networks for Assessing
MoL Data

Following a life cycle approach, a product’s beginning-of-life (BoL) period
comprises the manufacturing phase, which is succeeded by the middle-of-life (MoL)
period. It is attractive to apply non-destructive evaluation (NDE) and ENDT tech-
niques developed for adhesive bonding processes not only during manufacture, but
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Fig. 6.5 Exemplary representation of outcomes from the ComBoNDT research project showing
links between the fracture toughness (GIC or GIIC) measured for CFRP adhesive joints and normal-
ized OSEE intensities measured for the surface of one of the adherends introduced in the bonding
process. Distinct scenarios representing a deviation from a qualified surface pre-treatment process
were considered for a production (P) and a repair (R) user case. a Reduced GIC values qualitatively
go along with reduced OSEE intensities; b characteristic curves quantitatively depict scenario-
specific connections between the design-relevant mechanical joint feature GIIC and the ENDT
signal measured using OSEE

also during repair, which is a conceivable user case during a product’s MoL. Proce-
dures for monitoring the surface quality of adherends are tailored to open adhesive
joints, i.e. the process steps before the application of the adhesive. Beyond that,
the approaches sketched in Fig. 1.4 (in Chap. 1) with respect to manufacturing
processes encompass bonding quality assessment, which is immediately relevant
for all life cycle phases that are governed by a closed adhesive joint, for instance, in
the case of composite parts. Accordingly, cyber-physical systems (CPS) relevant for
ENDT during the BoL period are also technically relevant for the MoL of a product,
facilitating the networking between the machines and equipment as part of the phys-
ical world and the cyberspace or internet as part of the digitalized virtual world.
As outlined in the previous chapters, sensing systems based on sensors facilitate
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the observation and documentation of processes or the characteristics of a mate-
rial object that are not visible to the human eye and cannot be recorded with other
human senses [27]. As highlighted by Grosse and discussed in the previous chap-
ters, a sensor acts as a filter that can significantly influence the way humans look at
processes and material properties, e.g. by introducing more or fewer distortions and
alterations to the data, and thus, the transmission of information. These considera-
tions are featured in Fig. 1.4 (Chap. 1) by highlighting how relevant the quality of
cyber-physical interaction is for the quality (assessment) of the output provided by
a bonding process.

Moreover, the application of ENDT systems is conceptually closely related to
the user cases expected during the MoL period of adhesive joints, such as those
comprising the service aspects of MRO. In this context, conventional NDT proce-
dures, such as ultrasonic or X-ray-based inspection or thermography, are rather
mature technologies, yet they are intermittently applied. Their reliability has been
extensively demonstrated, for instance, in testing aerospace components to detect
defects, cracks, corrosion or other degradation features as part of quality assurance
and in-service inspection [28]. Following this statement, and also in accordance with
the previous chapters, recent directions comprise automated, fast and cost-effective
in-service and in-situ monitoring, e.g. of aircraft. However, such conventional NDT
procedures rely on access to structural parts with external probes or equipment, thus
they are not suitable for condition-based maintenance concepts, and they require
human intervention [29]. Beyond that and over an extended period of time, perma-
nently installed SHM systems facilitate the application of non-destructive evaluation
and testing methods to survey the state and condition of load-bearing structural
components, primarily motivated by further enhancing safety [30, 31]. Following
SAE Standard ARP6461, SHM is defined as “the process of acquiring and analyzing
data from on-board sensors to evaluate the health of a structure” [29]. To achieve
this, SHM systems include three key elements [29] and three steps [32]. Following
Güemes et al., these elements comprise first, a network of sensors that are perma-
nently attached to the structure, which is essential for performing automated inspec-
tions; second, on-board data handling and computing facilities for processing data in
real-time; and third, algorithms that compare recently acquired data with stored data
on the pristine structure. In this way, after correcting for environmental factors, a
damage index may be calculated and information about damage existence, localiza-
tion and type may be provided. Furthermore, damage severity may be quantified, and
the residual life may be predicted [32]. Such prognosis is closely linked to diagnosis,
or the evaluation of structural health, which is the main objective of SHM; prog-
nosis and diagnosis conceptually differ in the tools they use: prognosis is mainly
focused on statistical analysis, while diagnosis is more related to sensors, signal
processing and algorithms for damage identification [29]. Güemes et al. record that
some authors consider prognosis to be the fifth level of SHM, with levels one to
four being related to damage detection, localization, classification and quantification
of damage, respectively. Accordingly, Haldar [33] attributes the latter two devel-
opment levels, with respect to the technical sophistication of SHM systems, to the
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assessment of damage and the prediction of development. Augustin et al. under-
line that the development and integration of a suitable sensor network is a major
challenge facing scientists and engineers of SHM systems [34]. They list eligible
methods for SHM systems, including fibre optic sensors, piezoceramic transducers
for Lamb wave excitation and collection, vibration-based methods, acoustic emis-
sion techniques and electrical conductivity methods. In the following, we highlight
recent achievements in diagnosis and provide insights for guided wave propagation,
electromechanical impedance or fibre Bragg grating sensors.

An aspect that is inherent to the development and advancement of sensor systems
and networks for NDT is considering the comprehensive applicability of such proce-
dures in the distinct processes and environments of various technological sectors.
For instance, approaches based on guided wave propagation, as well as electrome-
chanical impedance, in composite materials and material joints have been widely
investigated for the purpose of damage assessment. Here, we consider damage as
not only an extensive loss of material functionality, but also an implied degradation
of relevant material features as compared to the starting state. Widening this scope
even further towards assessing this starting state, as well as the material surface,
we proposed, tested and established both of these techniques for the non-destructive
evaluation of adherends and adhesively bonded CFRP parts following the production
and repair processes investigatedwithin the frame of the ENCOMBandComBoNDT
joint research projects. Chapter 3 presented the ENDT results of the guided wave-
based studies for surface characterization, and Chap. 4 described the electromechan-
ical impedance results for adhesive bond evaluation. Taking this into consideration,
the approaches of damage detection and the assessment of the adhesive bond state
may be combined using the same sensor systems and networks. However, in this
context, we must still answer the question of how to deploy the sensors. As one
answer, designing a correct—and admittedly complex—network is the first step to
success. Numerous sensor network solutions are being developed in the academic
environment, and over the last decade, some of the results have been further devel-
oped and commercialized by companies. One of the better-known examples is the
Stanford Multiactuator–Receiver Transduction (SMART) layer concept, which was
conceived at Stanford University and later commercialized by Acellent Technolo-
gies, Inc. [35]. The SMART layer concept allows for the deployment of a sensor
network on a surface, as well as embedding it in a layered composite as one of
the plies in the layerwise composite structure. Quite recently, a new approach to
sensor networks was proposed: the stretchable sensor network [36]. The leading idea
behind this is to have a network that can be deployed across a large area yet remains
compact prior to its deployment. Although such ideas do not provide an answer to
the problem of how the sensors should be deployed on the structure, the placement
of the sensors can be tackled by various approaches. Some of the popular strate-
gies are based on evolutionary algorithms, such as genetic algorithms [37], whereby
elliptic-based damage localisation algorithms may be used as a basis for optimisa-
tion. Here, the locations of actuating and recording transducers correspond to the
ellipse foci, and the circumference of the ellipse informs about the source of wave
reflection. If there is no damage or other discontinuity, then no reflection occurs. The
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type of transducer network determines the positioning of these ellipses. A different
approach to the concept of a sensor network involves placing two transducers at each
network node—an actuating and a receiving transducer [38]. Such transducer place-
ment causes the resulting ellipses to be almost circular. Distributed systems are used
not only for damage location, but also in damage identification for crack shape recon-
struction [39]. A very informative review of the problem of optimal sensor placement
was presented by Ostachowicz et al. [40]. Meanwhile, the sensor placement oriented
towards hot spot monitoring is based on a tomography approach in which a localized
area surrounded by sensors is monitored [41]. This was successfully applied for the
debonding of stiffening elements from the skin of a composite wing [42], and here
we can find a good link between damage detection and the assessment of adhesive
bonds. In contrast to distributed networks and tomography approaches, there have
also been attempts to employ a concentrated network of transducers. Researchers
have analyzed various sensor placements in order to identify the optimum solutions.
One of the most popular solutions has a circular shape, and there are examples with
13 [43] or 16 [44] sensors forming the circle. A special case of concentrated arrays
is represented by the phased arrays that use a special method of signal processing
to simulate wave interference. This effect allows for amplifying waves reflecting
from an area of damage [30]. The simple phased array is linear in shape and has
been successfully used for locating damage in aluminium specimens both with and
without surface curvature [45], as well as in composites [46]. In summary, based on
the achievements presented within the scope of this book and in published studies on
sensor networks [35–40], we suggest that the same sensor networks may be used for
both damage and adhesive bond assessment. Only the signal processing approaches
are different for both applications and need to be tailored to the specific task. Such
customisation will thus require knowledge of the respective technological environ-
ment, as well as standards for communication within the greater supervisory control
and data acquisition (SCADA) network. SCADA has become the standard and is
currently in operation on wind farms to gather measurements of wind speed, bearing
and oil temperatures, voltage, power produced and other variables [47]. Therefore,
the integration of new damage and adhesive bonding monitoring techniques should
be integrated into the SCADA scheme.

In SHM applications ranging from aircraft to civil infrastructure, fibre optic
sensors (FOS) are potentially very well suited to measuring variables such as temper-
ature, electrical current, strain and pressure, even when working in electromagnetic
fields, at high temperature or humidity, or in an aggressive chemical environment;
also, they have demonstrated surprisingly high reliability [48]. During their life cycle,
many adhesively bonded structures experience long-term dynamic loads in the MoL
phase, which might lead to the preliminary performance reduction of bonded joints
exposed to relatively low load levels [34]. Recently,we reported on the intrusive effect
of adhesive bond strength and adhesive layer thickness and quality when embedding
optical glass fibres carrying fibre Bragg grating sensors directly in the 0.1 mm thin
adhesive bond formed by the structural and repair film adhesives applied in CFRP
joints [49]. We showed that influences on the fatigue limit of the tested film adhesive
joints were negligible whenever optical glass fibres with total diameters smaller than
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100 µm were embedded. Having information on structural events or states avail-
able at arbitrary times may reduce the occurrence of unscheduled events, facilitate
preventive maintenance [50], and pave the way towards condition-based structural
maintenance [51].

Summing up, the research on and development of reliable SHM systems is of
great importance. Conventional NDT provides non-destructive and effective tools for
detecting and localizing damage in a predefined area and can form part of an SHM
system; however, SHM is much more than NDT [52]. For SHM purposes, fibre-
based sensors and smart materials may be integrated permanently into the monitored
structures and the datamay be collected continuously or at least periodically [53]. The
collected data are then transferred to a computer system, where they are processed
and analyzed for possible defects or changes in the material characteristics, e.g.
damage accumulation, in almost real-time [52]. This is crucial not solely for FOS-
based sensing because the collected data have little value without proper analysis
and the extraction of information about the health state of the structure [33]. In fact,
one of the major challenges of SHM systems is related to damage identification and
assessment taking place in a mostly unsupervised learning mode [54]. Moreover, the
scope of an SHM system enfolds different monitoring and learning levels. On the
lowest level, the SHM system only monitors a certain structure or the assembly of a
system (e.g. the wing of an aircraft), while on an advanced level the whole structural
system is involved (e.g. the whole aircraft). On an even higher level, the data from all
individual structural systems (e.g. all aircraft) are pooled and analyzed for recurring
damage patterns or principles that can be applied to the whole fleet [52], as outlined
in Fig. 6.6.

The successful integration of an SHM system leads to prolonged maintenance
intervals, a reduction in maintenance costs, a resource-conserving exchange of wear
parts, and a further increase in safety [34].

Fig. 6.6 Different monitoring and learning levels in the scope of an SHM system facilitated by
data integration



346 W. Leite Cavalcanti et al.

6.6 Synopsis

Encouraged by the foreseeable availability of high-quality data from the advanced
ENDT procedures presented in the previous chapters of this book and inspired by the
numerous impulses from fruitfully cooperating in a joint research project, we have
indicated in this last chapter that we might already project some facets of possible
answers onto central future questions, such as:

• What are the drivers in worldwide digitalization and data exchange along the
life cycle of a (material) product?
For instance, sustainable and holistic life cycle product management will benefit
from high-quality and relevant information provided to managers because there
is some truth in the saying “You can’t manage what you can’t measure” [55].

• How can we contribute ENDT datasets from quality assessment as an input to
worldwide workflows among the involved stakeholders?
On the one hand, after a bonding process during BoL (e.g. manufacturing),
material-related ENDT metadata and data may be available during MoL preven-
tive maintenance and thereby allow for an evaluation of changes in the material
state. On the other hand, in the case of MoL repair, a tailored device facilitating
local ENDTmay guide decisions by remote experts for cases of required cleaning
on demand.

• How can quality assurance of local material-related transformation processes be
promoted by receiving from external sources an input of material-related data
gathered during earlier or subsequent life cycle phases?
For example, in a bonding process during BoL or MoL (e.g. repair), the quality
assessment may be guided by data obtained during the manufacturing of the
adherends or during the application of the bonded joint (e.g. using SHM).

All of these questions may be posed for various types of material operands that are
changed (e.g., joined) by distinct operators during a broad range of, e.g. adhesion-
based, processeswithin the life cycle of products in different applications. Thismeans
that there is still a wealth of aspects and phenomena to be explored. Notwithstanding
this,we are convinced that in facing these challenges, the advancement ofENDT tools
and procedures achieved in the ComBoNDT research project, as well as FAIR data
structures, lay a good technological and knowledge basis that is open for application!
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