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Preface

The design of materials with essentially new properties by modification of existing
materials is an ongoing journey in human history. Today, more than one hundred
thousand engineering materials are known and are used to fabricate the goods used
in our daily life and to enable some of the most challenging technological applica-
tions. Still there is a strong desire to increase the performance of some materials or
to substitute existing materials to overcome technological limitations or to reduce
the ecological footprint. In materials science, one powerful trend always has been to
compose materials by incorporation of spurious dopants in an otherwise pure
material. This rather simple concept gave rise to the large amount of metallic
alloys, ceramic compounds, and polymer blends we know today. One specific
type of microscopic dopants to incorporate in a material is reinforcement fibers.
These are often found to substantially increase the mechanical performance of the
so-obtained composite material. Hence, this concept of fiber reinforcement has led
to unique materials, exhibiting some of the most extraordinary properties available
for today’s engineering applications. While those fiber-reinforced composites have
now been in use for a long time in aerospace applications, other industry branches
are still at the edge to use these materials for their products. Some of the main
challenges of these materials are the production process itself, but also the theoret-
ical description of the material. Still the failure behavior of this class of materials is
subject to numerous investigations, and theoretical predictions of their ultimate
limits lack in accuracy. One reason for this lack of theoretical description is the
complexity of material structure found in fiber-reinforced materials. Apart from the
existence of two (or more) material ingredients with different properties, a technical
composite exhibits a hierarchical structure covering at least four orders of magni-
tude in length scale. The material itself typically exhibits nonlinear mechanical
behavior and nonlinear temperature response as well as pronounced anisotropy of
all material properties.

This naturally causes a strong need for adequate test methods that are able to
provide the relevant materials properties on every length scale required for the
description of the material. In the past decades, many new test procedures have
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viii Preface

been established to specifically address the need of characterization of composite
materials. With the advent of modern theories to describe the complex failure
mechanisms occurring in composite materials, even more properties are required
to be measured nowadays. While this has already led to several new test concepts,
one particular field of research, which has seen a strong interest within the last
years, is the in situ characterization of composite materials. As a major benefit
compared to other test concepts, the in situ approach does not just provide a single
value after the measurement, but instead is able to record the full evolution of
damage in the material until the occurrence of final failure. Consequently, all this
information can be used to understand the evolution of failure in composite
materials.

The aim of this book is to provide an overview of some of the emerging in situ
test concepts and method combinations to demonstrate their applicability to assist
in research of composite materials. It is thought to provide a first insight into the
operational principles of each method and to present the different ways of inter-
pretation of the obtained results. It further provides an overview of some practical
applications ready to be used in quality control and discusses the applicability of the
individual methods as well as their strengths and weaknesses.

The book is organized in seven chapters. Chapter 1 provides an introduction to
the relevance of in situ testing for fiber-reinforced composites. Chapter 2 briefly
reviews the present state of failure theories available to predict failure of fiber-
reinforced polymers, since a majority of the experimental methods need a thorough
understanding of the failure mechanisms occurring in these materials in order to
interpret their sensitivity for detection. Chapters 3—6 introduce different experi-
mental methods used for in situ characterization. In all cases, a focus is given on the
operation principles and recent developments. Reference to standard literature is
made as much as possible to facilitate the reading. Chapter 3 deals with the
applications of digital image correlation (DIC), and Chap. 4 emphasizes the devel-
opments in acoustic emission (AE) analysis. Chapter 5 has its focus on electromag-
netic emission (EME) analysis, while Chap. 6 discusses possibilities of in situ
computed tomography (CT). In Chap. 7, a comparison of the capabilities of the
methods in application to in situ testing of composite materials is made, and
suitable method combinations are discussed.

As supplementary data, Appendix A provides a comprehensive list of common
experimental parameters influencing comparability of acoustic emission measure-
ments. Appendix B lists all of the materials properties used for the modeling work
throughout the chapters. Appendix C provides an overview of acoustic emission
parameter definitions, and common definitions and abbreviations are found in
Appendix D.

Augsburg, Germany Markus G.R. Sause
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Chapter 1
Introduction

Failure of engineering materials is a phenomenon, which has been present since the
early days of mankind and has been investigated on a modern scientific basis
starting at the advent of the industrial age. Only in recent decades it has become
convenient to build structures based on previous numerical calculations to predict
failure on the material level rather than based on empirical knowledge. The
pioneering work of those researchers with a focus on engineering materials like
metals, concrete, ceramics, and polymers has enabled us to allow construction of
technically safe structures out of these materials. In recent time it has become a
significant trend in material science to fabricate composite materials in order to
combine benefits of different material classes. Such composite materials are applied
for a variety of reasons. Some material combinations aim to improve electrical
conductivity by inclusion of particles, others try to improve the mechanical behav-
ior by adding reinforcing elements. The increasing number of interfaces inherent to
composite materials generally induces a more complex failure behavior than
encountered in pure materials.

Fiber reinforced polymers (FRPs) are a class of materials that show an extraor-
dinary strength-to-weight ratio and stiffness-to-weight ratio. However, the current
limited predictability of material failure typically has resulted in high safety
margins for the allowable design limits in construction of FRP structures. There-
fore, in safety relevant structures, the full potential of this material class is seldom
used. Many attempts have been made to transfer concepts of fracture mechanics and
failure prediction from pure materials to such heterogeneous and very often aniso-
tropic materials. Since structural failure in FRP is a complex evolution of various
microscopic failure mechanisms, understanding of their evolution is key to under-
stand global failure and to reach reliable predictions. Also, the structural integrity is
affected differently by the occurrence of different failure mechanisms. Thus, it is a
requirement to distinguish between different types of failure mechanisms that occur
within the structure under load.

One comprehensive attempt to assess the status of today’s failure theories for
FRPs is known as world-wide failure exercise. The organizers of this round-robin

© Springer International Publishing Switzerland 2016 1
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2 1 Introduction

test invited leading researchers world-wide to predict failure of selected laminate
configurations for a set of load cases. This comparative assessment of theoretical
failure prediction has brought together researchers working on the same field but
using fairly different approaches. Due to the complexity of failure found in fiber
reinforced materials, it was one of the essential results of the “World-Wide Failure
Exercise I’ [1-4] and “World-Wide Failure Exercise II”” [5-7], that for some load
cases theoretical predictions of the different participants were differing by a large
amount relative to each other and relative to the experimental data. Since in the
world-wide failure exercises the benchmark was the experimentally obtained
values, it was also argued [8, 9] whether the experimental data is reliable enough
to be used for comparison.

While the required parameters for failure prediction in metals, ceramics, or
polymers are in many cases straight forward to measure, the testing of fiber
reinforced composites remains a challenge by itself. Moreover, due to the anisot-
ropy the number of required material parameters is substantially larger in fiber
reinforced materials than for isotropic engineering materials.

There is an ongoing discussion regarding the testing methods involved to obtain
material properties of FRPs. Present standards to obtain material properties for fiber
reinforced composites focus on the signatures of load—displacement curves or
stress—strain curves to deduce angle dependent moduli or strength values. However,
for some cases such global stress—strain curves have only limited relevance to the
determination of the true (or required) material properties. Since microscopic
failure precedes the ultimate failure of the test specimen on the macroscopic
scale, it is doubtful if maximum values of stress—strain curves are the correct way
to derive relevant material properties. The heterogeneity and anisotropy on the
mesoscopic scale can often induce extremely different stress and strain states than
expected from the macroscopic loading condition. In particular, the individual
layers of a laminate are subject to constraining effects of the neighboring layers
and thus exhibit stress states distinctly different to the global average. After
initiation of first failure on the microscopic scale, a complex interplay of failure
mechanisms initiates that involves mechanisms on length-scales spanning from the
atomistic scale to the dimensions of the test specimen. The loading conditions, the
fiber architecture, fiber volume fraction, and the fracture behavior of the matrix
material all contribute to the ability of the material to survive upon further loading
until finally ultimate failure occurs on the macroscopic scale. Due to the statistically
driven initiation and evolution of microscopic failure, FRPs have the reputation to
typically exhibit a large scatter of material properties. The significance of this
statistical distribution of initiation sites for failure is known as a volume effect
and has been intensively investigated [10].

The present work does not aim to improve the mechanical testing part or the
failure theories themselves, but to provide the necessary experimental methods to
allow monitoring of the progression of failure in FRPs. In this sense, failure refers
to the occurrence of microscopic or macroscopic networks of cracks in the material.
If failure initiation can be detected in an appropriate way, imaging methods can be
used to capture the accumulated damage state present in the material at that stage.
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Such imaging can then be incorporated in a modeling environment and be used to
allow a detailed forward prediction of the failure behavior or it can be used to
deduce more relevant material properties as an input for failure theories.

The work presented herein is thus motivated by two possibilities of composite
analysis enabled by the presence of validated experimental methods for:

1. Detection of failure initiation
This deals with the applicability of experimental methods to detect the first onset
of a particular failure mechanism in a fiber reinforced composite. If such failure
mechanisms can be detected with certain reliability, the resulting local or global
stress and strain levels can be related to this failure onset to derive more
representative material properties.

2. Tracking failure evolution
After failure initiation, the proposed experimental methods should allow the
continuous monitoring of failure evolution in FRPs. This allows for continuous
comparison of the experimental damage states relative to theoretical predictions.
Moreover, this allows deducing subsequent stages of damage progression in
order to improve the understanding of failure in general.

These two possibilities are exemplified in application to detect crack initiation
and crack propagation in Fig. 1.1. To investigate initiation and growth of cracks in
FRPs, a variety of experimental methods are applied. Imaging methods are fre-
quently used to monitor the damage progress after loading and unloading of test
specimens. This allows visualization of the damage progress in discrete steps, but
the unloading of the specimens causes existent cracks to close and makes them

load Detection of
failure initiation

!
TM
failure evolution

displacement

Fig. 1.1 Detection of failure initiation and tracking of failure evolution illustrated for the
occurrence of crack formation on the microscopic scale and subsequent propagation on the
macroscopic scale
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harder to spot. To overcome this problem, one possibility is the application of in situ
microscopy. This yields continuous observation, but the imaging process is either
restricted to surface observations using optical microscopy or electron microscopy
and is limited to the specimen size or resolution as in computed tomography (CT).
As an alternative for surface and near surface, digital image correlation (DIC) can
add valuable information to spot damaged areas by sudden changes in the strain
field. In the same way as the ear complements the eye, the detection of acoustic
emission (AE) can act as complementary method to imaging methods in order to
detect failure initiation and to track growth of damage in the full volume of the
specimen. Also the generation of electromagnetic emission (EME) during crack
initiation and crack growth is a nondestructive method useful for online monitoring
of failure in FRPs covering the full volume of the specimen.
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Chapter 2
Failure of Fiber-Reinforced Composites

Generally, we start to refer to failure of a material, when the material no longer
fulfills its intended use. Therefore, the physical phenomenon associated with the
failure is subject to the anticipated use as well. A scratch in the hood of an
automobile is an annoying thing but may not necessarily stop the hood from
operating in its intentional use. Still the scratch may cause initiation of corrosion,
since the protective coating may have been partially removed. In contrast to the
automobile hood, a scratch in a painting directly affects the product quality. The
painting may not look as beautiful anymore and therefore may fail in its intended
use. In the context of this book, the term “failure” always refers to the structural
failure of the material due to mechanical load. The primary source for this failure
are cracks forming within a material causing it to reduce its effective cross section
or introducing instability causing buckling, kinking, or likewise failure modes.

The mechanisms of crack formation and propagation within materials is a
physical phenomenon which is still not fully understood due to the complex
interplay between the local microstructure of the material and its impact on the
macroscopic values of stress fields. In fracture mechanics, the calculation of
material specific quantities like critical strain energy release rates is based on
macroscopically observable quantities like forces and displacements. Microscopi-
cally, the strain energy required for crack propagation is converted to surface
energy, heat, elastic energy release, and plastic deformation. Still one of the
unsolved problems in fracture mechanics is the description of tensile extensions
ahead of the crack tip and the dynamic displacement field surrounding the crack tip
[1]. This is owed to the fact that a direct observation of crack nucleation and
propagation is usually not possible, for example, by optical means, due to the
crack propagation velocities in solid materials. Also the influence of dynamical
instabilities is not fully understood [2].

Despite of such missing scientific details, high-quality phenomenological
approaches exist to describe failure of typical engineering materials due to crack
formation. The fracture mechanics concepts of Griffith and Irwin [3, 4] form the
basis for the description of crack initiation and propagation in metals, polymers and

© Springer International Publishing Switzerland 2016 5
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ceramics. However, in fiber-reinforced materials, the hierarchical and heteroge-
neous microstructure superimposes the isotropic and homogenous properties of the
matrix materials. Additional effects arise due to crack branching, crack deflection,
and mixed mode conditions. Therefore, some simple assumptions inherent to the
classical descriptions are no longer fulfilled. Hence, a broad variety of theories is
currently applied for the description of failure in fiber-reinforced polymers.

This chapter starts first with an overview on failure mechanisms in composites
and introduces their hierarchical classification. The second part of this chapter
briefly reviews failure theories currently applied in the field of fiber-reinforced
composites. The third part of this chapter then has its focus on the mechanical
methods used to provide material properties necessary as input data for these failure
theories. In particular, test methods still controversially discussed in the community
are critically reviewed. The last section then finally provides a first overview on
“secondary” methods as being used to improve the “primary” mechanical methods
to obtain valid material data.

2.1 Classification of Failure Mechanisms

During mechanical loading of fiber-reinforced plastics various microscopic damage
mechanisms occur. The accumulated damage finally results in failure of the com-
posite. As seen in Fig. 2.1a, on the microscale cracks can evolve within the matrix
material, breakage of the fibers can occur, or cracks develop at the interface
between both constituents. From the fracture mechanics point of view, the situation
grows more complex, since each of these fundamental mechanisms can be induced
by various types of macroscopic loading conditions. On the mesoscopic scale seen
in Fig. 2.1b, as a function of external loading, these mechanisms can interact, grow,
and can form even more complex mechanisms. Finally their growth develops into a
critical state, which then causes ultimate failure of the composite structure due to
the macroscopic loading condition as seen on the macroscopic scale of Fig. 2.1c.
In the following, an introduction is given for the different failure mechanisms
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Fig. 2.1 Schematic illustration of failure evolution in a cross-ply used to define microscale (a),
mesoscale (b), and macroscale (c¢)
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according to a hierarchical classification with respect to the length scale of occur-
rence. Parts of the following discussion are based on the considerations found in
standard literature [5—7] as well as the author’s previous work [8].

2.1.1 Microscale

Fundamentally, failure initiates at the atomistic level. As consequence of excessive
mechanical forces, bonds are separated and cracks can initiate at weak spots or
grow further. There are valuable attempts found in literature to conduct ab initio
predictions of failure based on Monte—Carlo simulations [9, 10]. However, most of
these approaches are still limited in the amount of complexity being captured by the
algorithms. In particular, the consideration of an explicit microstructure is usually
beyond the capabilities of such approaches, that is, solid media may be assumed to
be homogeneous.

In the context of fiber-reinforced composites, the microscale is determined by
the typical sizes of the constituents. In this case, the diameter of the fibers and their
characteristic length are used to define this scale. Therefore, the microscale is in the
range of micrometers, which is considerably larger than the atomistic scales. Since
this allows distinguishing different failure mechanisms beyond failure of the
individual constituents, this is the first relevant scale to explicitly discuss for
fiber-reinforced materials.

Stress components causing the corresponding failure in unidirectional compos-
ites are noted using subset directions indicating parallel (||) and transverse (L)
orientation relative to the fiber axis. On this scale, the distribution of the reinforce-
ment fibers within the matrix material is of particular relevance. The fraction of
fiber filaments embedded in the matrix material is usually referred to as fiber
volume fraction. Other than on the macroscale, the fiber volume fraction in a real
composite material may change substantially as a function of position. Especially
for fiber architectures such as woven fabrics or for materials with comparatively
low fiber volume fractions, the extreme cases of regions of pure matrix and dense
fiber volume fractions may occur (cf. Fig. 2.2). In order to quantify these effects,
automated image processing of cross sections [11] as well as volumetric analysis
of fiber distributions by computed tomography have emerged as suitable
methods [12].

One of the key hypotheses in fracture mechanics is the fact that anomalies are
always present in real materials. In the context of fiber-reinforced materials, there
are several characteristic defects located at the microscale, which can be understood
as such anomalies. In Figs. 2.3, 2.4, and 2.5 such typical defects found in real fiber-
reinforced composites are shown.

As a residue of the thermal processing, polymer matrix materials often show
porosity at various scales. These pores can result from gases of the chemical curing
process or from missing consolidation pressure during the solidification. The type
of porosity smaller in extent than fiber diameters is often referred to as



8 2 Failure of Fiber-Reinforced Composites

Fig. 2.2 Examples of fiber distribution on the microscale in glass/epoxy-woven fabrics (a) and
unidirectional carbon/epoxy (b)
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Fig. 2.3 Schematic illustration of microporosity and mesoporosity (/eft) and according scanning
electron microscopy images of carbon/epoxy material (right)

microporosity. At this scale, many small pores reside within the matrix material,
sometimes resulting in foam-like microstructure as seen in Fig. 2.3.

At the next length scale (size of fiber diameters), the pores often stick to the fiber
filaments or fiber bundles and therefore cause regions, where the fibers are not
supported by the matrix material. This can cause preliminary buckling if the
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Fig. 2.4 Schematic illustration of in-plane (/eft) and out-of-plane (right) undulations
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Fig. 2.5 Schematic illustration of particle inclusion, resin rich areas and illustrative microscopy
images of a carbon/epoxy material

composite is subject to compressive load or shear load. In deviation to the termi-
nology of length scale used herein, such types of pores are already referred to as
mesoporosity. This is to reflect the length scale of microporosity found below.
Another type of defect which is always present to some extent within fiber-
reinforced materials is undulation (waviness) of the fibers. As seen in Fig. 2.4, one
can distinguish between in-plane and out-of-plane undulations relative to the
thickness direction of the laminate. Due to the waviness of the fiber filaments or
fiber bundles, the local stress exposure can dramatically change. For a tensile load,
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the neighboring fiber filaments may thus be subject to higher stress levels, while in
compressive load the waviness may induce early fiber buckling.

Other types of anomalies frequently encountered in fiber-reinforced composites
are shown in Fig. 2.5. Inclusions of dust particles, resin-rich areas, binder yarns or
fiber knots all share the common impact of disturbing the local fiber distribution.
This is either realized in form of fiber undulations or in affecting the local fiber
volume fraction. Both effects considerably change the local stress exposure of fiber
and matrix material and therefore can cause preliminary failure. However, some of
these defects can also cause benign failure behavior. One of the main improvements
in terms of damage tolerance is the ability of the fibers to cause crack deflection of
interfiber cracks. Here, every crack deflection or crack branching is advantageous,
since the additional energy necessary to elongate the crack propagation path
contributes directly to the macroscopic fracture toughness.

But even fiber-reinforced materials free of defects have intrinsic weak spots.
Due to production process at elevated temperatures, most fiber-reinforced polymers
are subject to a residual thermal stress between fibers and matrix. Here, the matrix
material between two adjacent fibers is exposed to a geometrically induced stress
concentration and therefore acts as weakest link when loading the material trans-
verse to the fiber axis [5, 13-15].

Perhaps, the most critical type of failure induced within fiber-reinforced poly-
mers is fiber failure. As the reinforcement part of the composite, this inherently
degrades the structures ability to bear increased load. For uniaxial tensile loading
parallel to the fiber axis, fiber breakage is observed if the local strength of the
fiber filament is exceeded. However, such single fiber breakage does not neces-
sarily result in ultimate failure of the composite. On the microscopic scale fibers
show a broad distribution in their ultimate strength due to variations of the fiber
diameter and internal flaws [5, 16]. This can result in early failure of numerous
fibers, while the remaining fibers still act as load-bearing elements. Due to this
strength distribution of the fibers, weak fibers are the first to fail. As a conse-
quence of the fracture of a single fiber, the stress concentration at the position of
rupture initiates debonding between fiber and matrix as well as fracture of the
surrounding matrix material. This type of failure is schematically shown in
Fig. 2.6 and is denoted fiber breakage in the following. For comparison, a
respective scanning electron microscopy image of fiber breakage caused by
tensile loading is shown as well.

For compressive loading, the failure behavior of fibers is characteristically
different. Due to the compressive load, the reinforcement fibers typically buckle,
once the matrix material cannot support their orientation any longer. After that
buckling point, band kinking occurs, which finally results in crushing of the fibers at
distinct positions [17] as schematically shown in Fig. 2.7. For comparison, a
corresponding scanning electron microscopy image of compressive fiber failure is
shown in Fig. 2.7. As indicated in the schematic illustration, this type of failure
naturally results in significant fiber fragmentation, when observed at the surface
level.
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Fig. 2.6 Schematic illustration of fiber breakage due to tensile loading and corresponding electron
microscopy image of a carbon/epoxy material in surface view (based on [8])

o

Fig. 2.7 Schematic illustration of fiber crushing due to compressive loading and corresponding
electron microscopy image of a carbon/epoxy material in surface view (based on [8])

The type of failure observed most often in fiber-reinforced structures is interfiber
fracture. As schematically shown in Fig. 2.8, this failure of the matrix material can
originate from various loading conditions. In all cases, cracks initiate or propagate
within the matrix or at the interface between fiber and matrix, if the respective
loading condition of normal stresses or shear stresses exceeds the local strength of
the matrix or interface, respectively.

In principle, the process of interfiber fracture can be further decomposed into
different microscopic failure mechanisms. While fracture of the matrix material
itself is always involved to some extent, the failure of the fiber—matrix interface is
also likely to occur. At the microscopic scale, one can distinguish between the
process of fiber—matrix debonding and the fiber—matrix pull-out.

As debonding the partial or full loss of contact between fiber and matrix due to
external load is understood, which can occur in various load configurations
(cf. Fig. 2.9).

As second failure process at the interface between fiber and matrix, the fiber—
matrix pull-out is often discussed in literature [18—23]. As seen in Fig. 2.10, this
involves a fiber—matrix debonding process as initial damage state, but then is
followed by a sliding of the fiber filament relative to the matrix. The filament is
not necessarily destroyed, but often spans the evolving crack in the matrix material.
However, this failure mechanism is only likely to occur for tensile loading in
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Fig. 2.8 Schematic illustration of interfiber fracture (matrix cracking) and corresponding electron
microscopy cross-sectional images of a carbon/epoxy material for typical load cases (based on [8])
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Fig. 2.9 Schematic illustration of fiber—matrix debonding due to transverse stress and due to fiber
parallel stress
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Fig. 2.10 Schematic illustration of fiber—matrix pull-out due to fiber parallel stress with respec-
tive scanning electron microscopy image of a carbon/epoxy material

parallel to the fiber axis and for fiber—matrix combinations with relatively low
bonding strength. If the adhesive bonding between fiber and matrix is too large, no
debonding can initiate due to shear forces at the interface and fiber failure is
observed instead.

2.1.2 Mesoscale

Beyond the length scale defined by the composite constituents, the mesoscale is
found. In fiber-reinforced materials, the relevance of this scale typically arises due
to the textile architecture chosen to build laminates. In technical applications,
laminates with only one fiber orientation are usually not relevant since they exhibit
very poor mechanical properties transverse to the fiber orientation. Therefore,
laminates are frequently fabricated as stacks of individual plies consisting of
unidirectional layers in various orientations, woven fabrics, other textiles, or mix-
tures thereof. In the following, the term mesoscale is used to define the length scale
of interaction between these different plies forming the laminate; thus, it is located
in the range of several hundred micrometers.

For loading in the out-of-plane direction of the laminate, intralaminar delami-
nation (splitting) and interlaminar delamination (inter-ply) can occur. The relevant
material property determining inter-ply failure is the fiber—matrix adhesion. As seen
in the microscopy images in Fig. 2.12, the magnitude of the bonding strength
between fiber and matrix dominates the laminates interlaminar fracture resistance.
As a function of increased bonding strength, the fracture surfaces show a pro-
nounced hackle structure [7], which is caused by an increased amount of crack
deflection and crack branching and therefore requires more energy for the same
amount of macroscopically relevant crack propagation length (cf. Fig. 2.12).

For the interlaminar failure, the weak link is the individual ply itself. As for the
inter-ply delamination, the relevant material property is the fiber—matrix adhesion.
If the individual ply is exposed to high out-of-plane stress, it is also likely that
failure will occur within a layer. As seen in Fig. 2.13, there is no predescribed
fracture plane, so interlaminar delamination typically is associated with substantial
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Fig. 2.11 Schematic illustration of inter-ply delamination with corresponding electron micros-
copy images of a carbon/epoxy material in cross-sectional view (based on [8])

Fig. 2.12 Influence of fiber—matrix adhesive strength on delamination behavior in scanning
electron microscopy images of a carbon/epoxy material in top view

Fig. 2.13 Schematic illustration of interlaminar delamination (splitting) in unidirectional fiber-
reinforced layers and corresponding fracture surface of a carbon/epoxy material in scanning
electron microscopy image

splitting of the fiber layers and rough fracture surfaces as seen from the scanning
electron microscopy image.

If such laminates are subject to uniaxial stresses, the individual plies are exposed
to fairly different stress levels. As long as there is no damage at the interface
between the plies, the assumption of strain coupling is fulfilled [5]. Since the elastic
properties and strength values of the individual plies vary significantly as function
of fiber orientation, characteristically different stress states are reached.

As seen in Fig. 2.14, tensile loading of a laminate often causes early interfiber
cracks in the off-axis oriented plies. Dependent on the respective external load
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Fig. 2.14 Schematic illustration of interfiber cracks in off-axis layers
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Fig. 2.15 Schematic illustration of fiber bridging together with corresponding electron micros-
copy images of a carbon/epoxy material in top view (based on [8])

configuration and the stacking sequence, these interfiber cracks can occur either in
parallel or transverse to the load axis. Adjacent plies of different fiber orientation
typically act as crack stopper, since the presence of fibers oriented with the load axis
avoids failure of the matrix material due to local strain coupling. However, such
interfiber cracks can induce further damage as shown in Fig. 2.11. The existence of
such cracks typically causes strong stress concentration at the crack tip. This is a
typical site for initiation of inter-ply delamination propagating along the interface
between two plies.

Another process of mesoscopic failure, linked to the strength of the fiber—matrix
interface is the phenomenon of fiber bridging. If the fiber—matrix bonding is
sufficiently low, fiber pull-out can occur if the laminate is subject to tensile loading.
If the fiber filaments are strong enough, they can survive the pull-out to a certain
extend and span a mesoscopic crack propagating transverse to the fiber axis as
schematically shown in Fig. 2.15. In this case the crack progress is somewhat
constrained, since the intact fibers still bear the applied load. This failure mecha-
nism is also visible in the scanning electron microscopy image in Fig. 2.15.

Even at the mesoscale porosity can exist as a residue of the production process.
As seen from Fig. 2.16, these pores are located between adjacent plies and can have
a substantial impact on the mechanical properties of the laminate. Since the pores
do not carry any load, the laminate is subject to high local stress concentration and
may fail due to the onset of delamination, due to buckling, or due to the increased
stress level in the reduced cross section.
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Fig. 2.16 Schematic illustration of macroporosity including corresponding computed tomogra-
phy image of a carbon/epoxy material in cross-sectional view

2.1.3 Macroscale

Due to these large number of failure mechanisms on the microscale and mesoscale,
the definition of macroscopic composite failure usually is subject to the type of
application and the type of loading. The scale associated with this term ranges from
the thickness of the laminate to the full dimension of the structure. Therefore, the
length scale is within the range of few millimeters to some meters.

Although interfiber fracture does not usually cause ultimate failure of the
composite on the macroscopic scale and may even be acceptable in some applica-
tions, it can still alter the mechanical properties, for example, the stiffness of the
structure. In addition, such failure can change the surface properties of the com-
posite or can raise secondary damage from aggressive media penetrating the
structure or an increased rate of moisture absorption. Also, microscopic fiber
breakage does not necessarily result in ultimate failure. In addition, the damage
progression induced by the stacking sequence often causes the global structure to
compensate the failure of one full layer.

An example of a macroscopic fracture surface is shown in Fig. 2.17 as originat-
ing from T-Pull testing. As seen from this example, all of these macroscopic
fracture surfaces are composed of different microscopic failure mechanisms,
whereas the final type of fracture is often dominated by the processes on the
mesoscale.

Another example to demonstrate the link between microscale, mesoscale, and
macroscale is the damage pattern observed in a woven fabric structure. As seen
from the computed tomography image in Fig. 2.18, the macroscopically visible
crack ranging through the laminate thickness develops many branches on the
mesoscale causing vast inter-ply delamination and microbuckling of individual
layers as seen by the cross-sectional images. On the length scale below the
individual plies (the microscale), all sorts of interfiber cracks and fiber breakage
can be observed.

One particularly relevant macroscopic failure mode for fiber-reinforced com-
posites is the impact damage. As seen schematically in Fig. 2.19, the damage state
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Fig. 2.17 Typical example of a fracture surfaces. Photography of full fracture surface and detail

of fracture surface as electron microscopy images of a carbon/epoxy material in top view

Fig. 2.18 3D image of damaged woven fabric and virtual 2D cross sections of the volume

showing details of the damage state
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Fig. 2.19 Schematic drawing of impact damage and respective computed tomography scan of

impact zone (carbon/epoxy with embedded glass fiber bundles)
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reached within a multiaxial laminate due to a low velocity impact is rather severe.
On the surface level, the impactor sometimes causes only small damage in the form
of local matrix damage or breakage of some surface plies. Therefore, such low
velocity impacts are often barely visible from the outside. However, on the inside of
the laminate, the large bending stresses during impact cause considerable
interlaminar shear stresses resulting in initiation and growth of interfiber failure
and delamination. This weakens the stiffness of the laminate structure considerably
and therefore comprises a major damage type that is well within the macroscopic
range.

2.2 Failure Theories for Fiber-Reinforced Composites

Within the last decades many research groups developed criteria to predict failure
in fiber-reinforced composites. As discussed in Sect. 2.1, there are various micro-
scopic failure mechanisms causing macroscopic failure. Moreover, their occurrence
and evolution is distinctly different for the type of macroscopic loading condition.
Hence, numerous theories are found in literature aiming to describe the complex
initiation and growth of damage in composites. In order to provide an overview of
those different theories, a first categorization can be made with respect to their
range of application. One can distinguish between theories focusing on description
of:

¢ Quasi-static failure.

¢ Quasi-static failure including growth of damage, damage mechanics, and
degradation.

» Long-term behavior (creep, stress rupture, and fatigue).

» High-velocity (high strain rates).

In the following, a brief review on the most important developments in these
areas is given. Focus rests on recent developments and the usage of experimentally
obtained values as input parameters for the theories.

2.2.1 Quasi-Static Failure

For the range of quasi-static loading conditions, many failure criteria have been
developed to predict the first onset of failure (first ply failure) as well as the
respective ultimate failure (last ply failure). In 1986, Reifsnider and Nahas
presented and compared already 30 different failure criteria for that purpose
[24]. Since that time many refinements have been proposed and essentially new
criteria have been developed.

In principle, stress and strain failure criteria are equivalent descriptions since the
two quantities are directly linked by the material’s constitutive law. But as pointed
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out by Puck, strain criteria are more difficult in their mathematical description,
since the superposition by transverse strains causes an inherent complexity of the
theoretical formulation [25]. Moreover, to obtain the respective input data a uni-
axial strain state is required to measure valid fracture strains. This is not feasible in
many experimental configurations.

In general, a distinction can be made between global criteria and individual
criteria differentiating between failure mechanisms. The global criteria apply
classical continuum mechanics theory to describe fiber-reinforced composites as
homogenous and anisotropic solid. In contrast, the differentiating criteria consider
the microstructure of the material and take into account the failure of fibers or
matrix material.

In 1971, Tsai and Wu published a generalized failure theory for anisotropic
solids known as the Tsai—Wu criteria [26]. Three years later, Wu demonstrated that
all global criteria published until that point could be directly derived from the Tsai—
Wau criteria [27]. Later Hashin [28] discussed limitations of those theories in terms
of the physical principles and pointed out the lack of consistency found for the
Tsai—Wu criteria under some stress states. Essentially this initiated the development
of further criteria which explicitly distinguish between fiber failure and interfiber
failure.

The type of failure criteria based on this failure hypothesis are called differen-
tiating criteria. They provide separate failure conditions for fiber failure and for
interfiber failure. In most failure criteria formulations simple maximum stress
criteria are used to describe fiber failure. But for interfiber failure it quickly turned
out that more sophisticated failure criteria are required to describe the fracture
behavior under different loading conditions. First attempts have been made by
Hashin [28], who adapted the fracture criterion of Mohr [29] formulated for failure
of brittle materials. The basic rule in Mohr’s concept states that fracture is caused
by the stress in the fracture plane. While this concept is mathematically straight-
forward to formulate in isotropic materials, it is much more difficult to formulate
for fiber-reinforced materials. Here, the detection of the correct fracture plane can
only be achieved by iterative algorithms in the general case. Therefore, formula-
tions are usually given for the simplified case as introduced by the presence of
transversely isotropic symmetry in unidirectional fiber-reinforced materials. This
yields the formulation of the failure criterion as quadratic—additive interaction
criteria based on four of the five stress invariants given by the transversal isotropy.
An alternative formulation for the interfiber failure criterion is given by Cuntze
[30], who uses five stress invariants. Based on this formulation, as function of
external loading, three independent interfiber failure modes for composites can
occur as shown in Fig. 2.20. However, the transition range between the different
failure modes is challenging, so probabilistic methods are applied in the formula-
tion by Cuntze.

As alternative approach, Mohr’s fracture criterion uses a solid physical basis, so
Puck started to continue Hashin’s work to determine the correct fracture plane
throughout a series of publications [25, 31-36]. He established a parabolic inter-
action criterion for interfiber failure based on Mohr’s fracture criterion and three
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Fig. 2.20 Fracture modes in plane stress conditions according to Puck

different interfiber failure modes for plane stress conditions as shown in
Fig. 2.20 [25].

Fracture mode A occurs due to a tensile stress component o, superimposed by a
shear stress component 7|, . The resulting crack growth in a unidirectional layer is
of a mixed crack opening mode (mode I) and shear mode (mode II) caused by the
superimposed stress conditions. Fracture mode B is caused by a compressive stress
component —¢c, superimposed by a shear stress component 7, . Here, no crack
opening mode occurs, so crack growth is mostly due to the shear mode (mode II).
Finally, fracture mode C is caused by a compressive stress component —o
superimposed by a shear stress component 7, . In contrast to mode B, —¢, is the
dominating stress component. As consequence crack growth occurs angled to the
load axis of the compressive stress component as seen in Fig. 2.20. The fracture
angle is a result of the additional shear stress component acting in the inclined
fracture plane.

However, in addition to the four basic material strengths, the definition of the
slopes linking the tensile and compressive stress states requires the measurement of
the so-called inclination parameters.

One noteworthy effort to compare the predictive capabilities of different failure
criteria was carried out by Hinton, Soden, and Kaddour throughout a series of
exercises. These became known as “World-Wide Failure Exercise I” [37—40] and
“World-Wide Failure Exercise II”” [41-43] due to the multitude of participants from
countries all over the world. The procedure chosen by the organizers comprises two
stages. During part A of the exercise, the participants conduct blind predictions
given a set of material properties and loading conditions. At the beginning of part B,
the experimental data is revealed to the participants and they are allowed to adjust
their predictions accordingly. Afterwards, comparison is made between the predic-
tion results of the different theories applied by the participants.

Within the “World-Wide failure exercise I”” the focus was on the response of
continuous fiber laminates subject to in-plane biaxial loading situations, in the
absence of stress concentrations. As a short summary of the World-Wide failure
exercise I, the failure criteria using differentiating criteria performed reasonably
well as compared to the global failure criteria. In particular, the failure criteria
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given by Puck [35, 44], Zinoviev [45, 46], and Cuntze [47] were found to yield
highest predictive capabilities [48].

One of the major gaps of the theories present at that time was the lack of
predictive capabilities under 3D (i.e., triaxial) states of stress. Such stress states
are typically found in thick composite components after impact or as a result of
stress concentrators. Therefore, in the “World-Wide Failure exercise II” 3D states
of stress including triaxial failure and associated theories were also considered.

As the outcome of this second exercise was more diverse than for the first
exercise, an overall recommendation for a particular theory seems premature.
According to [41], the overall impression of the 3D failure theories provided by
Pinho [49, 50], Carrere [51, 52], Puck [53, 54], and Cuntze [30] were ranked best.
However, many discussions have accompanied the “World-Wide Failure Exercise
II” regarding the reliability of the experimental data provided. In particular, for
those test cases dealing with 3D stress states many involved researchers commented
on the experimental issues associated with the measurements [30, 41, 49,
54-57]. Beyond those failure theories compared in the “World-Wide Failure
exercise” other groups also presented derivatives of existing theories or proposed
essentially new theories [58, 59]. Such new approaches are particularly relevant for
the case of textile composites. In these materials, the undulations of the fiber yarns
and the pronounced mesostructure cause further challenges to prediction of damage
progression and ultimate failure.

2.2.2 Quasi-Static Failure Including Growth of Damage,
Damage Mechanics, and Degradation

As mentioned in Sect. 2.1, there are various microscopic failure mechanisms, which
finally cause ultimate failure of a macroscopic structure. The consideration of their
contribution to degradation of macroscopic properties and to the initiation of
subsequent damage is a challenge, which goes beyond the prediction of global
stress or strain limits. Several failure theories presented in Sect. 2.1.1 already take
into account the degradation of laminate properties due to occurrence of damage
inside the plies.

However, the description of the macroscopic failure in terms of accumulation of
microscopic damage should theoretically be possible. More specifically, the micro-
scopic scale is the correct length scale to account for the microstructure introduced
in fiber-reinforced composites [5, 60—-64]. However, the derivation of accurate
microscopic mechanical properties is experimentally challenging. In particular,
the measurement of strength values for small microscopic volumes is very difficult
and predictions based on microscopic measurements extrapolating to the macro-
scopic scale are also influenced by the statistical distribution of flaws [65]. More-
over, using a micromechanical approach in practice typically comes with high
computational intensity. Therefore, analytical methods using homogenized
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properties, defect-free unidirectional plies, orthotropic symmetry, and macroscopic
stress—strain relations are typically preferred. In this context, the concept known as
classical laminate theory is usually applied.

This concept uses a layer-wise failure of plies and applies respective degradation
models to account for damage accumulated in a layer. For this approach, the
question arises, if macroscopically measured strength values of unidirectional
layers are applicable to the plies inside a laminate. As reported by various authors
[66—70], crack propagation inside such internal layers depends on the thickness of
the ply as well as on the stiffness of the neighboring layers. For sufficiently thin
layers, strain coupling to the adjacent layers can inhibit the opening of existing
cracks. According to Parvizi [68] this effect is most pronounced for thin layers, but
vanishes for ply thicknesses above 0.4 mm.

To describe the propagation of existing cracks inside a solid usually concepts of
fracture mechanics are applied. These approaches could in principle also be used to
describe the damage progression in fiber-reinforced composites. The formulations
of the stress-intensity concept, the critical strain energy release or the J-Integral are
well-established concepts for pure materials [71-75]. Since flaws are also present in
fiber-reinforced materials, a direct transfer of the fracture mechanics concepts
seems straightforward. However, the computational intensity and the lack of
consistent micromechanical parameters have prevented the application of
micromechanical fracture mechanics for a long time. In recent years, some
approaches used fracture mechanics concept as hybrid approaches [50, 58] or in
their pure form [76] to describe damage progression within laminates. Similar to the
strength based failure criteria, there is still room for improvement of the experi-
mental methods to determine microscopic fracture toughness values for various
load conditions [15, 77, 78].

As a consequence of the results of the “World-Wide Failure exercise II” more
focus is then given to the prediction of damage. Within the “World-Wide Failure
exercise III,” the prediction of matrix crack initiation, delamination initiation due to
transverse cracks, deformation, and final fracture is investigated. While this exer-
cise is still going on, first results of the blind predictions indicate a clear diversity of
predictions regarding the effects of ply thickness, the stacking sequence and
interaction of existing cracks with neighboring layers, in particular to induce
delamination [79]. However, a larger tendency is seen to use finite element model-
ing [80-86] and micromechanical approaches [80, 81, 85, 87-89] to obtain failure
predictions. A specific challenge for the existing theories is the forward prediction
of crack density and crack saturation of interfiber cracks. In fact, many theories
require the crack density of some cases as input parameter, rather than allowing a
physically based forward prediction. Therefore, experimental methods are required
which allow suitable tracking of this crack evolution as function of loading for the
reference cases, but as well to benchmark failure theory predictions for arbitrary
laminate configurations and load conditions.

Similarly, many efforts have been commenced in the last years in order to
improve the prediction of damage initiation and damage progression for textile
composites [90-95]. For these materials, even the prediction of first failure onset is
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comparatively complex because of the explicit microstructure and mesostructure of
textile composites. The textile architecture of the fiber reinforcement (e.g., woven
fabrics, noncrimp fabrics, and braids) cause a complex multiaxial residual stress
state after curing which needs to be accounted for. Since this involves calculations
on various length scales, classical homogenization approaches can effectively be
combined with finite element based routines to account for such multiscale prob-
lems [90, 93-96].

In the following, a brief review is made for three particular failure modes
typically addressed in current failure theories for laminates composed of unidirec-
tional plies. The failure criteria given by Puck, Schiirmann, and Deuschle [5, 53, 54,
97] is taken as an example' to discuss current trends in the development of failure
theories and to discuss the relation to recent experimental findings on damage
evolution in fiber-reinforced composites.

For the consideration of fiber failure due to tensile or compressive loading oy,
usually simple maximum stress criteria are applied. In recent years, 3D failure
criteria evolved, which partially consider the influence of the stress components
transverse to the load axis. The impact of the off-axis components o, and o5 on fiber
failure has already been noted by Edge [98] and Hart-Smith [99], but was neglected
in the original work by Puck [25]. One example of an improved theoretical
formulation was proposed by Puck, Schiirmann, and Deuschle [5, 53, 54,
97]. The simple maximum stress criterion using the strength of the unidirectional
layer under tensile load RHL and under compressive load Rﬁ is given as:

ﬁ =1 for o6;>0 (2.1a)
Jo1] =1 for o0,<0 (2.1b)

The stress exposure in a single fiber filament is given by the relation applying the
empirical magnification factor m (e.g., 1.3 for GFRP and 1.1 for CFRP) to respect
the influence of the off-axis components ¢, and o5.

or) = Ep - €1 +vpi - m- (02 +03) (2.2)

Due to strain coupling, the laminate strain equals the filament strain, therefore:

o1 _ b Yuj
———0,——0

2 (2.3)
EEj E)

Combining (2.2) and (2.3), this yields the refined form of the fiber failure criterion:

" There is still much discussion regarding the general applicability of such failure criteria, so the
reader should always be aware of the potential drawbacks of a particular theory.
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However, in the meaning of strength-based failure criteria, fiber failure is usually
understood as failure of fiber bundles or failure of full layers. In the context of first
failure analysis by secondary methods, it is worth to have a closer look on the
failure evolution causing macroscopic failure due to loading of a unidirectional
material parallel to the fiber axis. It is well known that fiber filament strength is
subject to a broad strength distribution. Therefore, even in a defect-free laminate it
is likely that failure of some fiber filaments precedes failure of the full layer. As
demonstrated in recent work by Scott et al. [100, 101] and Bunsell et al. [102, 103],
there is indeed an evolution of fiber filament failure preceding the ultimate failure of
a layer. According to their findings, failure of a single filament is likely to occur
after a certain local stress exceeds the strength of a fiber filament, that is, the failure
position is of statistical nature. The surrounding filaments are able to compensate
the breakage of the individual, so one fiber filament failure is not of large relevance
to the durability of the structure. The situation changes if other fiber filaments fail in
close vicinity. This increases the stress exposure of the surrounding filaments.

As quantified by in situ synchrotron tomography, a critical health state of fiber-
reinforced materials is reached if the number N of localized fiber failures reaches a
critical value. Such a set of N localized fiber failures was entitled N-plets by Scott
et al. [101]. A scheme of the evolution of single fiber filament failures starting at a
1-plet and growing to a 3-plet and 6-plet configuration is shown in a cross-sectional
view in Fig. 2.21. However, in reality the cumulative N-plet count refers to a 3D local
volume rather than just a local 2D cross section of the material. Remarkably enough
N was found to typically stay < 20 before ultimate failure of the structure occurs.

As discussed in Sect. 2.2.1, the failure of fiber-reinforced composites due to
interfiber fracture is much more challenging to capture in a failure theory. Based on
the results of the World-Wide Failure exercise I and II Puck’s and Cuntze’s failure,
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Fig. 2.21 Example of local accumulation of fiber failures starting at 1-plet (a) and increasing to
3-plet (b), and 6-plet (c¢) configuration
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Fig. 2.22 Definition of fracture plane at angle 6 and definition of stress components acting at
fracture plane

criteria were ranked among the best available [41, 48, 104]. In the following, the 3D
failure criterion as given in [5, 53, 54, 97] is used as an example.

As shown in Fig. 2.22 and discussed in Sect. 2.2.1, every cross-sectional plane
perpendicular to the fiber axis is a potential fracture plane. Therefore, only three
stress components (and their superposition) are causing interfiber failure. These are
the components o, 7, and 7,,; with reference to the normal (n), tangential (¢), and
fiber parallel (1) axis of the fracture plane as shown in Fig. 2.22.

For such an arbitrary fracture plane orthogonal to o,,, the superposition of the
shear stress components 7,, and 7,; can be replaced by an effective shear stress
component 7, using:

Tnl

= tan y (2.5)

Tnt

Ty = /T + 7, (2.6)

Therefore, interfiber failure is governed by the stress 6, and 7, acting on the
fracture plane. The failure criterion can thus be formulated using the respective
unidirectional material strength values R}, R? , and R, and the inclination

parameters pjw and p7,, (cf. Fig. 2.23) defined as:

dtpy, +
dGn 6,=0 - _pJ-l// (27a)
dty, _

= — 2.7b
dUn Gp= piy/ ( )

In the tensile load regime (6, > 0), one can define:

2 + + pt 2
Ty DP1yOn < PLV,RJ_> o,
+2 +11-2 . =1 (2.8)
A A A 2
(R ) R R (R)

Ly Ly Ly

For compressive load (6, < 0)
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Fig. 2.23 Definition of the inclination parameters

And for pure shear (6, = 0)

2 ) 2
Ty . < Tnt ) Tnl
= + (2.10)
(wa> Ri (Rf>

The combination of (2.8), (2.9), and (2.10) then finally yields Puck’s formulation
of the interfiber failure criterion for an arbitrary fracture plane.
For ¢, > 0:

2

1 PJL,, < Tnt >2 (Tnl >2 p-L//

— 2w s+ + + oy =1 (2.11a)
KRI RY, R, Ry R%,

For 6, < O:

T 2 Tnl 2 )Zn ’ Dy
nt n 1y L1y

+( ) + =0, +—F0,=1 (2.11b)
(RL) R, <wa > RY,

Up to this point only failure initiation is captured by the failure criterion. In order to
predict damage progression the theory has to take into account the growth of such
cracks, their impact on triggering of new damage and their impact on macroscopic
stress and strain states. In the sense of Puck’s failure theory, fiber failure comprises
the ultimate limit of the laminate. Therefore, description of damage progression
spans the range between the first occurrence of interfiber failure and final occur-
rence of fiber failure.

There are two ways to represent interfiber cracks in failure theories. Either those
are represented as explicit description in a micromechanical or multiscale approach
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Fig. 2.24 Representation of interfiber cracks in discrete and smeared form

or the cracks are taken into account as smeared representation in a continuum
damage mechanics approach. A comparison of both concepts is shown in Fig. 2.24.

The approach taken by Deuschle and Puck [53, 54, 97] is the smeared represen-
tation allowing a layer-wise degradation of properties. At the occurrence of
interfiber failure spanning the full thickness of internal layers, this usually does
not disintegrate the whole laminate. Instead a sequential increase of crack density
occurs. Accordingly, the laminate properties (i.e., stiffness) degrade. For the exam-
ple shown in Fig. 2.24, the occurrence of interfiber cracks increases the amount of
load to be carried by the neighboring layers. Therefore, such a damaged laminate
will deform more under the same load as the same laminate configuration without
any damage. Hence, the degradation of the laminate properties due to such
interfiber cracks is represented by a reduction of stiffness using the degradation
parameter # in the interval [1; 0]

reduced stiffness = 7 - original stiffness (2.12)

For degradation the parameter 7 goes down from 1 (no damage) to O if saturated
crack density is reached. Particular rules for more complex degradation rules for the
3D case are discussed by Deuschle [97]. Such smeared crack representations
facilitate fast computation of the degradation process, but obviously introduce
assumptions regarding their impact on the local interaction with neighboring layers.

Recently, Trappe et al. applied X-ray refraction techniques to measure
the occurrence of interfiber cracks in glass-fiber-reinforced composites
[105-108]. According to their findings, the inhomogeneous microstructure of
fiber-reinforced composites triggers a statistical distribution of the occurrence of
interfiber cracks. Therefore, occurrence of such cracks cannot be predicted by
layer-wise failure analysis. As demonstrated by Scott et al., additional aspects
come into play if the existence of voids in the laminate is considered
[109]. Using high-resolution synchrotron tomography, the interfiber cracks were
shown to interact to a substantial degree with such defects, since they tend to
intersect with voids and grow directed along such weak spots. Those aspects are
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hardly reflected by layer-wise degradation analysis, but should be considered if the
void content is of significant contribution.

It is noted that there is some ambiguity between the usage of the term interfiber
fracture as above and the term delamination. However, delamination is different to
other interfiber failure modes due to its orientation relative to the thickness direc-
tion of the laminate. As explained in Sect. 2.1, the laminate can fail by separation of
two layers due to interfiber crack growth in parallel to the in-plane direction. Such
delamination is mostly caused by through-thickness tension components or shear
stress components. Usually, the initiation and growth of delamination is a problem
well formulated by fracture mechanics approaches using mode I, mode II, mode III,
or superimposed fracture modes. In experiments, it is frequently observed that
delamination often initiates at the interface between adjacent plies at the position
of the crack tip of an interfiber crack. This is due to the stress concentration at the
crack tip, which has been accounted for in various theories (e.g., [69]).

2.2.3 Long-Term Behavior

Much progress has been made to develop failure criteria applicable for quasi-static
loading conditions. However, for investigation of the long-term behavior of com-
posite structures fewer investigations have been conducted so far. In the following,
a brief review is made comprising the particular challenges of failure prediction in
the fields of creep, stress rupture, and fatigue, and the associated experimental
approaches to assist in the understanding of failure for these load cases. Following
the classification used by [110], strain rates below 107° s7! are considered to be
creep loading and strain rates at or below 10> s™' are considered to represent
quasi-static deformations. As an extension beyond the quasi-static range, strain
rates above 10% s~ ! are classified as high strain rates, strain rates above 10* s~ ! are
called very high strain rates, and strain rates above 10° s~ are referred to as ultra-
high strain rates.

2.2.3.1 Creep and Stress Rupture

For fiber-reinforced polymer materials, creep loading is naturally associated with
severe drawbacks based on the general experience of pure polymers. However,
creep and relaxation effects are not always considered to be of negative impact for
the composite. As discussed by Schiirmann [5], the stress relaxation within the
matrix material can cause significant reduction of residual thermal stress and a
redistribution of stress into the fiber reinforcements. Still, the structure is subject to
permanent deformation, which might not be acceptable in some applications. For
pure polymers, the time—temperature superposition principle is usually applied to
allow extrapolation of long-term stability based on short-term measurements.
Thermosets are the dominating type of polymer used as matrix material, but there
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is a growing interest in thermoplastic matrix materials. Although thermoplastic
matrix materials are not essentially new in applications and despite of the higher
creep rates faced in thermoplastic polymers, less investigations have been
conducted. A comparison between creep rates of a fiber-reinforced epoxy resin
and fiber-reinforced Polyetheretherketone has been performed by [111]. As further
demonstrated for glass-fiber-reinforced Polyamide [112], carbon-fiber-reinforced
polyimide [113], and glass-fiber-reinforced polycarbonate [114], the application of
the Arrhenius type time—temperature superposition principle is applicable in these
cases. In particular, if influences of physical and thermal ageing are taken into
account explicitly in analytical equations, stable predictions of creep strength as
function of crystallinity and fiber volume fraction seem feasible [112].

For the prediction of stress rupture, there is no fundamental difference to the
considerations presented in Sects. 2.2.1 and 2.2.2. In principle, the same strength-
based formulations or fracture mechanics approaches can be adopted. However,
one has to explicitly consider the viscoelastic nature of the polymer matrix material
in the case of creep loading and the evolution of damage in the static load case.
Although this is straightforward in theory, the according mathematical formulation
is not trivial in most cases. Only few attempts have been made to explicitly account
for viscoelastic material behavior in present failure theories. Guedes reviewed
different formulations using continuum damage mechanics and cumulative damage
formulations [115, 116]. For the case of stress-rupture behavior, comparison was
made between maximum work stress criterion (Reiner—Weissenberg criterion [117]
and modifications thereof), maximum strain criterion, and linear cumulative dam-
age formulation of Miner [118] as well as Christensen’s cumulative damage
formalism [119]. For the purpose of lifetime prediction under constant stress, it
was demonstrated that the different formulations discussed produce relatively
similar predictions [115]. However, experimental evidence indicates the limited
predictability of stress rupture in real composite structures such as pressure vessels
[120]. Failure of such safety relevant structures are very critical and the predictive
capability of existent theories not yet sufficient to decrease safety margins. It is well
known that glass fibers, carbon fibers, and Kevlar fibers all suffer from long-term
static loads. Even for the best performant carbon fibers, the maximum allowable
pressure needs to be reduced to less than 60 % of the static burst pressure when
designed for more than 100,000 h operation and an intended probability of stress-
rupture failure less than 0.001 [121]. Therefore, accelerated testing using the time—
temperature superposition discussed by [122—-124] needs further validation to
assess its relevance for stress-rupture predictions.

From the viewpoint of secondary methods in conjunction with creep and stress-
rupture experiments, the biggest improvement might be further shortening of the
test duration. At present, the overall duration of a test campaign to obtain creep
properties for only one laminate configuration can still take more than 10,000 h to
extrapolate the stability for two decades [115]. Therefore, in situ methods being
able to detect the onset of secondary or tertiary stages of creep as well as the ability
to differentiate between different mechanisms during stress-rupture testing are
much appreciated.
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2.2.3.2 Fatigue

Another load scenario fiber-reinforced materials are facing in application is fatigue
loading. From the testing point of view, the term fatigue is usually associated with
the test procedure first proposed by Wohler [125]. Here, a specimen is cyclically
loaded with constant amplitude levels at a constant frequency. In fatigue testing, the
load configurations are usually determined by the R-ratio, which is the minimum
load level divided by the maximum load level of the specimen. One can distinguish
between:

e Tensile—tensile fatigue (upper and lower amplitude > 0, R-Ratio > 0).

¢ Tensile—compression fatigue (upper amplitude >0, lower amplitude <O,
R-Ratio <0).

¢ Compression—compression fatigue (upper and lower amplitude <O,
R-Ratio > 0).

Other specific load cases are known as unidirectional loading (upper
amplitude > 0, lower amplitude = 0, R-Ratio = 0) and fully reversed loading (mag-
nitude of upper amplitude equal to magnitude of lower amplitude, R-Ratio = —1).

In all cases, the testing is continued until a significant stiffness reduction or
ultimate failure occurs. The test campaign is carried out for different amplitude
levels (S) between the static amplitude limit and sufficiently small amplitude
values. The number of cycles to failure (N) is plotted versus the amplitude level.
This S—N curve is used to establish the long-term limit of materials, that is, to define
the amplitude value below no failure of the material will occur for an infinite
number of cycles.

In isotropic materials, the fatigue life is often estimated from the original version
of the linear cumulative damage law (LCD), referred to as Miner’s rule [118] or
improvements thereof [126, 127]. But even for isotropic materials, it has been
questioned, if simple LCD approaches will yield realistic lifetime predictions in
fatigue loading [126].

Some fiber-reinforced composites, such as CFRP, are associated with superior
lifetime in fatigue. However, this is not essentially true as far as first damage
initiation and damage progression is concerned [128]. One of the key problems
with composites is the sequence of amplitudes faced in the loading—unloading
cycles [115, 129—-131]. Since the real “load spectrum” differs from application to
application, it is hard to standardize. But for fiber-reinforced composites, the load
spectrum has significant impact on the number of load cycles to failure. In a fiber-
reinforced material, damage can initiate at comparatively low load levels and
continuously grow until final failure is reached. The type of damage growth may
change as function of the applied load and may also interact with other damage
existent in the material (e.g., small matrix cracks initiating large growth of delam-
ination). Therefore, preliminary initiation of damage at higher load levels can
extend further in subsequent cycles with low load levels. This can cause growth
of damage at load levels, which usually would not result in damage initiation or
growth by themselves as been evident from a series of bucket truck failures [132].
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Therefore, different failure theories have been proposed to explicitly account for
the load spectrum effect. A good review on the major developments is given by
Degrieck [128] and a more recent comparison of selected failure theory predictions
is presented by Guedes [115]. A basic distinction in terms of failure criteria can be
made according to Sendeckyj between macroscopic strength criteria, criteria based
on residual strength, those based on residual stiffness, and failure criteria taking into
account an explicit formulation of an actual failure mechanism [133].

One class of models comprises the so-called fatigue life models, which are
essentially based on the S—-N curve behavior as discussed above. These models
usually neglect the interaction of different failure mechanisms such as interfiber
failure or fiber breakage. Examples for these failure models are given in
[122, 134-141]. As a result, these types of models yield the fatigue life of the
composite studied based on the extrapolation of the measured S-N curves. The
second class of models take into account the degradation of composite properties
based on phenomenological descriptions. Some of these degradation models are
formulated for the residual stiffness [129, 142—-148], others are using the residual
strength based on deterministic descriptions or based on statistical strength distri-
butions [149-156]. The last type of models uses an explicit formulation of the
damage progression correlating one or more damage variables to the damage
extent. This quantitatively accounts for the damage progression in a physically
sound way. Distinction can be made between models able to predict the damage
growth [157-162] and models relating the damage growth to property degradation
[163-172].

A common challenge of the models provided until today is the extrapolation of
data acquired in model specimens to real structures. Usually, input data for failure
theories is collected using a specific stacking sequence and uniaxial loading in one
test configuration. The corresponding theories may be able to describe these
situations quite accurately, but for the general situation of multiaxial loading
conditions in stacking sequences changing as function of position in a real structure,
their predictive capabilities are still questionable.

For the experimental approaches, comprehensive reviews in application to
composites have been provided in [133, 173]. One of the key challenges yet to
overcome is the ability of test methods to accompany long-term testing with
nondestructive assessment of failure evolution. At least for the models using
explicit formulations of damage growth such input parameters are essential to
further advance the reliability of the model and to improve their predictive capa-
bilities for generalized load situations. Another factor is similar to the main
challenge in creep experiments, which is the shortening of the test duration. Fatigue
testing with low amplitudes can take several weeks. In order to extrapolate the
lifetime such testing is still required and since composites lack from the applica-
bility of the Miner’s rule, there is currently no suitable approach to circumvent
realistic load spectra. Alternative termination criteria other than residual stiffness
values or ultimate failure are highly appreciated. In particular, for testing of
structures accompanying in situ measurements are suitable tools to improve the
cost effectiveness of the test campaigns.



32 2 Failure of Fiber-Reinforced Composites
2.2.4 High Velocity

The increasing application of fiber-reinforced materials in crash-relevant structures
requires corresponding experimental methods to characterize these materials under
high strain rates. The failure modes found for high strain rates cannot be expected to
be the same as for the strain rates used in quasi-static conditions. During fast
damage accumulation, no relaxation effects and, hence, stress redistribution can
occur. Moreover, elastic properties and failure behavior of the matrix material can
change significantly due to transition from ductile to brittle failure modes.

The failure modes considered in high strain rate experiments are typically of
ultimate nature, that is, the experiments result in immediate failure of the laminate
rather than partial or sequential damage accumulation. Therefore, description of
material failure does not consider evolution of damage to the extent as the criteria
used for creep, fatigue, or quasi-static load situations. As a function of strain rates
one can distinguish between experimental configurations considered being in the
creep domain < 107®s™", the quasi-static deformation range < 10~ s~ ', and those
reached by servohydraulic test rigs < 10° s~'. Above this limit specialized equip-
ment, such as Kolsky bars (also known as Split-Hopkinson bars) are used to reach
strain rates > 10° s~' [174]. For even higher strain rates, impactors driven by
gravity or projectiles shot by gas cannons are used to test materials subject to
high-velocity impact. A good review on the recent developments of the experimen-
tal techniques in high-velocity testing is given by Ramesh [110] and a critical
review of the Kolsky bars is given by Gama [175].

From the view point of failure theories, recently Kawai compared the predictive
capabilities of classical failure theories of Tsai—Wu, Tsai—Hill, and Hashin—Rotem
with respect to the off-axis strength values of unidirectional laminates under high
strain rate tension and compression [176]. A detailed discussion of the failure
modes and fracture angles was given and some key modifications to the failure
criteria were proposed.

For fiber-reinforced composites various experimental efforts have been made to
characterize material properties under tensile, compressive, and shear loading
[176—183]. Until recent times, the focus of the experimental work was to develop
suitable test rigs, assuring the anticipated load situation at the constant strain rates.
Secondary methods evolved with the usage of high-speed cameras to directly
observe the fracture of fiber-reinforced materials [184]. Improvements have been
made by [181-183, 185] introducing digital image correlation systems to measure
the full strain field during the test. This validated fundamental assumptions regarding
the principle of operation of Kolsky bars. Beyond the point of image acquisition and
processing, secondary methods are not used extensively. Beyond a certain strain rate,
acoustic methods are generally problematic, since the load is introduced by an
acoustic wave itself. Secondary methods like acoustic emission, guided wave testing,
vibrometry, or ultrasonic tomography are hence not of big relevance for the exper-
iments used in the field of materials testing at strain rates up to 10° s~'. However,
applications exist, where impacts themselves are monitored by acoustic emission
sensors to localize their position as well as to deduce the impact energy [186—189].
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2.3 Challenges in Mechanical Testing of Fiber-Reinforced
Materials

In general, mechanical testing of fiber-reinforced materials is used to obtain mate-
rial properties that are used for quality control or for designing composite struc-
tures. While quality control often solely requires comparative measurements
carried out under reproducible conditions, the design and engineering requires the
measurement of true material properties. Therefore, material testing has to assure
that the obtained data is in accordance with the boundary conditions and assump-
tions of the respective theory. For the linear elastic range of the material, the major
requirement is the generation of homogeneous stress—strain fields within the test
specimen. Moreover, suitable test specimen geometries with defined superimposed
loading conditions are still challenging. For the measurement of the material
properties after first onset of damage inside the material several challenges arise.
The first challenge is the detection of first damage itself. Subsequent to this load
level, the second challenge has its focus on the usage of appropriate specimen
geometries to assure the intended type of failure. Many times, the specimens fail in
an unexpected fashion due to failure modes different from the intended mode.

Almost all of these challenges stem from the hierarchical structure of fiber-
reinforced materials. Compared to “pure” engineering materials as metals, poly-
mers, or ceramics, fiber-reinforced materials intrinsically have at least two addi-
tional characteristic length scales relevant for failure progression. The first is the
length scale of their fiber reinforcements and the second is the length scale of the
plies composed into a laminate. For textile composites, an additional length scale
defined by the characteristic dimensions of the elementary cell of the textile
reinforcement also comes into play.

Therefore, during testing one is always subject to two fundamental questions:

*  Which is the appropriate scale to obtain material parameters?
e What are valid “material” parameters?

In contrast to many classical engineering materials, which are mostly homoge-
nous in their properties on several length scales, the fiber reinforcements in com-
posites induce heterogeneity, inhomogeneity, or both. The relevance of the fiber
distribution is linked to the observation scale. While on the macroscopic scale, one
can hardly resolve the individual fiber filaments, their distribution and orientation is
quite obvious on the length scale of micrometers. Therefore, the measurable
properties can be completely different for measurements on the microscopic
scale. As consequence, one has to provide different material properties for failure
theories driven by microscopic volume elements or failure theories based on a
macroscopic homogenized continuum representation.

Also, the fiber reinforcements induce a certain degree of anisotropy in the
material properties. Compared to isotropic materials this inevitably causes a larger
amount of required testing methods. Therefore, specific test geometries are
required, which allow for testing under load conditions typically not applied for
classical engineering materials.
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While many of these aspects are sufficiently taken into account for some test
procedures, for other cases there still is an active discussion in the community
regarding the reliability and comparability of different test procedures. As
discussed by Bleier [190], Cuntze [30], Pinho [49, 84], Deuschle [97], and Basan
[191], there is a strong need to provide true material properties as input for modern
failure criteria of fiber-reinforced composites. Juhasz points out that failure predic-
tion generally should be possible without prior knowledge of the exact load
configuration and according experimental test results of a specific structure [59].

Therefore, in order to verify different failure criteria, there is a strong need for
testing methods assuring the validity of superimposed loading conditions and for
methods allowing tracking the evolution of failure until the point of rupture.

In the following, three typical challenges for presently used test standards are
presented. A particular focus is given to the applicability of secondary methods to
improve the understanding of the test results and their relevance to the work
presented herein.

2.3.1 Detection of First Failure Onsets

As discussed in Sect. 2.2.1 various failure theories aim to predict the first occur-
rence of a particular failure mode within fiber-reinforced materials. But for many
laminate configurations, there is no possibility to quantify the onset of interfiber
failure in the individual plies from load—displacement curves. Moreover, the detec-
tion of the onset of fiber failure is also not feasible using stress—strain curve
information unless this is considered to be identical to ultimate failure. Apart
from the failure theories, there are several other standardized methods, which rely
on the information obtained from the first onset of damage.

One test setup, which requires the determination of the initiation of interlaminar
delamination, is the short-beam-shear test according to the standards ISO 14130,
ASTM D 2344, DIN EN 2377, and DIN EN 2563. But sometimes the occurrence of
delamination onset is not identical to the maximum load or the first significant load
drop as demonstrated in Chap. 3. However, the latter is a requirement to obtain the
apparent interlaminar shear strength. Despite of the usage of this method mostly in
quality control, this already indicates the ambiguous level of confidence associated
with the proposed data reduction schemes.

Another experimental setup, which monitors crack propagation, is the configu-
ration to deduce mode I interlaminar fracture toughness according to ISO 15024,
ASTM D 5528, prEN 6033, or AITM 1.0005. Besides the valuable data reduction
routines to deduce the fracture toughness included with the ASTM D 5528 standard
several methods are noted to quantify the level of the initial fracture toughness. This
is owed to the fact that none of the onset criteria included within the standard is
applicable for all types of materials. Therefore, secondary methods can be valuable
tools to assist in the interpretation of such methods and to obtain true material
properties.
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Similarly the standards ASTM D7905, prEN 6034, and AITM 1.0006 used to
obtain mode II fracture toughness by the End-Notched-Flexure (ENF) configuration
attempt to derive the onset of interlaminar crack growth using signatures of force-
displacement curves. Here, the type of crack insert, the measurement of the crack
length, and the load fixture itself can have significant impact on the fracture
toughness value [192]. But the critical fracture toughness value is also affected
by the load value picked for the first onset of delamination. Here, again the load
maximum is not necessarily the correct value to choose for the onset as demon-
strated in Chap. 4. Another method aiming to deduce valid mode II fracture
toughness values is the Transverse Crack Tension (TCT) specimen. Although the
TCT tests are currently not covered by any standard, the key challenge associated
with this configuration stems again from the validity of the detected onset of
delamination.

2.3.2 Tracking Failure Evolution

From a general point of view, there are two good reasons to detect the failure
evolution in a test specimen made from fiber-reinforced material. The first reason is
to compare the failure evolution predicted by a failure theory to an actual measure-
ment. The second reason is the interpretation of data from stress—strain curves after
onset of initial failure.

The comparison of predicted and measured failure evolution is most interesting
to validate attempts of degradation analysis or to detect subsequent onsets of
particular failure mechanisms in angle-ply laminates. This type of comparison
makes even more sense for a more complex structure than a test specimen. Here,
simple laminate degradation analysis faces more challenges. However, this requires
validated experimental methods capable of recording the evolution of failure.
A comparison of the individual capabilities and specific combinations of such
in situ methods are made in Chap. 7.

In order to deduce meaningful data from stress—strain curves, one has to assure
that the underlying assumptions are fulfilled. One prominent example is tensile
testing of unidirectional specimens with load axis parallel to the fiber axis. In such
configurations, first failure in form of interfiber fracture occurs already at 70 % of
the ultimate load [25]. In addition, fiber alignment is far from perfect and therefore
fiber failure initiates at the edge of the specimen due to off-axis loading or stress
concentration effects. Hence, the measured ultimate strength used as first-ply
failure strength in this load configuration is a value obtained in a material state,
which is typically far away from the undamaged state. This is in contrast to the
usual assumptions made in failure theories. But the impact of these preliminary
failures on the achievable ultimate strength is certainly dependent on the individual
material type and production process. In such cases, methods capable to track the
evolution of damage are suitable to assist the interpretation of stress—strain curves.
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2.3.3 Ductile Matrix Materials

Traditionally, fiber-reinforced polymers are fabricated from brittle matrix systems,
such as epoxy resins. Consequently, many standards used for testing of fiber-
reinforced polymers implicitly assume brittle failure behavior of the matrix system.
Therefore, some of the assumptions made for the data reduction routines cannot be
directly transferred to matrix systems with ductile failure behavior, for example,
due to nonlinearities in the stress—strain behavior of these materials.

In recent years, an increasing interest in thermoplastic matrix materials has been
evident. However, the testing of fiber-reinforced thermoplastic polymers is not a
straightforward procedure using established standards. Nevertheless, some of the
existing standards are still applicable if the data reduction routine is accompanied
by additional information using in situ methods.

For all test methods, the validity of specimen geometries is subject to discussion.
In many thermoplastic materials, the interlaminar properties are substantially
higher than for typical epoxy resins. Therefore, many test specimens prepared to
fail via interlaminar or transverse stresses may fail in unintended failure modes.
Suitable adjustment of the specimen geometries or changes to the concept of load
introduction can be used to avoid such failure. Assistance by secondary methods
monitoring the occurrence of failure outside the intended position is of great
practical usage for such reinvention of testing procedures.

For fracture mechanics applications, a particular challenge is the suitable detec-
tion of first delamination onsets, since the increased ductility of the matrix material
tends to reduce the stress concentration at the crack tip. At the same time, the
validity of boundary conditions given by linear elastic fracture mechanics is subject
to discussion. Secondary methods can be used to provide better insight into the
progression of damage and therefore allow better interpretation of the respective
crack propagation energies.

2.4 What Can In Situ Methods Contribute to Mechanical
Testing?

Based on the difficulties to obtain reliable material properties from stress—strain or
load—displacement curves several attempts have been made to improve the level of
reliability. In general, the idea is to aid the interpretation of the material behavior by
a secondary method independent in its measurement principle from the macro-
scopic stress—strain response. The relevance and suitability of the secondary exper-
imental methods stems from the intended purpose and is briefly reviewed for
several methods in the following.



2.4 What Can In Situ Methods Contribute to Mechanical Testing? 37
2.4.1 In Situ Microscopy

The application of in situ microscopy during testing has become a standard in some
test configurations for fiber-reinforced materials. Namely, testing under mode I
condition facilitates usage of a travelling microscope to measure the accurate crack
propagation length. But also other test methods can benefit from accompanied
in situ microscopy as seen in Fig. 2.25, for a simple unidirectional test specimen
with fiber orientation parallel to the load axis. The simultaneous recording of
images can easily aid to interpret load drops preceding the maximum load. In this
test configuration, such behavior is often found for preliminary fiber failure induced
at the edges.

However, the major drawback of such imaging techniques is the lack of
sensitivity associated with their field of view. Naturally, this kind of imaging is
limited to detection of failure at the surface level unless the internal failure is so
severe that their occurrence causes corresponding damage at the surface. Also, a
proper trade-off between a high resolution and a large field of view has to be
made beforehand.

2.4.2 Digital Image Correlation

Digital image correlation also counts as an in situ imaging technique, but is
discussed independently, since it comprises various new aspects to be used for
detection of failure in fiber-reinforced materials. In the context of materials testing,
the method is used to deduce the spatially resolved strain field using a series of
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Fig. 2.25 Stress—strain curve from tensile testing of unidirectional fiber-reinforced polymer.
Visual observation of the test region at distinct load steps. Arrows indicate position of
corresponding failure at each load level
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Fig. 2.26 DIC image of inhomogeneous strain field at wedge between reinforcement region and
reduced region of tensile specimen

sequential images with speckle-type patterns (see also Chap. 3 for a detailed
description). In terms of the challenges associated with testing of fiber-reinforced
materials, there is one major improvement by application of DIC. This is the
possibility to perform full-field measurements of strain values to deduce material
properties [95, 193, 194]. As seen in the example in Fig. 2.26, the DIC method is able
to compute the strain values not only between two particular points, but within all
parts of the specimen covered by a speckle pattern. This effectively allows selecting
only a particular area to obtain strain values for data reduction. Therefore, regions
with inhomogeneous strain fields (e.g., at the reinforcements) can be excluded and
valid strain values (e.g., within the reduced section) can be obtained. At the same
time, such full-field measurements allow to optimize specimen geometries to assure
the anticipated strain state is reached in every part of the test volume.

In recent years, DIC using high-resolution camera systems became available.
This provides even further possibilities for the analysis of composite materials. In
addition to the possibility to perform full-field measurements, one can observe
disturbances and anomalies of the strain field during such experiments. Intuitively
one would associate such signatures with other anomalies such as the occurrence of
failure. As seen in Fig. 2.27, the presence of these signatures in strain field
measurements encourages the investigation of the limits of the DIC method in
this aspect as presented in Chap. 3.

2.4.3 X-Ray Methods

Complementary to the conventional in situ imaging methods, several research
groups demonstrated the use of X-ray imaging to obtain information on the damage
progress in fiber-reinforced materials. The main advantage of X-Rays compared to
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Fig. 2.27 Anomalies and disturbances of the strain field as readily visible by DIC systems

light is their ability to penetrate the specimen and therefore to obtain volumetric
information. The possibility to use computed tomography for visualization of
internal damage states has become a standard method already.

One application of X-rays considers the possibility to detect the onset and
growth of interfiber failure during mechanical loading [106, 195]. Using X-ray
refraction,” these groups were able to detect the onset and growth of internal defects
such as fiber—matrix debonding due to changes in the refraction index of the
specimen.

Other groups have been using synchrotron radiation in combination with in situ
loading stages to carry out volumetric imaging of miniature specimens under
mechanical load [101, 109, 196, 197]. Such microscopic imaging of the specimen
intuitively allows to track the initiation of damage in the interior and to deduce the
interaction between different failure mechanisms at increasing load levels. As seen
in Fig. 2.28 in an exemplary image using a commercial X-ray computed tomogra-
phy device, the level of detail reached in small specimens is sufficiently high to
visualize details of the fracture mode and even to spot single fiber filaments. This
gave rise to numerous investigations to track the occurrence and accumulation of
failure in composite materials under mechanical load. Other groups have adopted

2 X-Ray refraction is similar to refraction of the visible light and is not identical to the established
techniques of X-ray diffraction (see [195]).
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Fig. 2.28 3D image of small carbon/epoxy composite specimen with details of the fracture mode

this analysis routine and investigated the failure of fiber-reinforced materials under
various load conditions [94, 101, 103, 109, 197, 198].

In particular, it is technically feasible to combine every mechanical test config-
uration with a computed tomography device in situ. The term “in situ” in this
context typically refers to load-hold cycles with intermediate scanning. That way
damage is first introduced and existing damage states are kept under load. For
imaging stress relaxation effects have to be considered in general and creep effects
of the matrix polymer have to be taken into account in particular. Moreover, there is
currently no feasible technical solution to scale the method to allow specimen
dimensions larger than the few millimeters of cross section currently used. But
the possibilities of this approach to assist in interpretation of failure of fiber-
reinforced materials are so encouraging that a particular focus on this topic is
given in Chap. 6.

2.4.4 Thermography

Another type of in situ measurement that is applied in combination with mechanical
testing of fiber-reinforced materials is thermography imaging. As the name indi-
cates, this also allows for continuous imaging of the specimen under load, but the
origin of the visual information is fairly different to the previously presented
techniques. In contrast to the imaging methods discussed before, the thermography
cameras record the spatial generation of heat via detection of the generated infrared
radiation. The generation of heat can be attributed to two source mechanisms. The
first one is the heat release during fracture of a material. For strong failure events,
this dissipative energy contribution is readily detectable by commercial equipment
as seen in Fig. 2.29. Here, tensile testing of an open-hole specimen was monitored
by thermography imaging. The heat release during macroscopic fracture saturates
the measurement range of the equipment. Before ultimate failure, several heat
signatures could be spotted in the area surrounding the hole, which allows moni-
toring evolution of damage to a certain extent. The second type of heat source is
friction inside the material or between the support and the test specimen. While the
generation of heat due to the latter is a general problem especially during fatigue
testing of composites [199-201], the friction inside the material is key to assist in
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interpretation of material failure. During periodic cyclic loading experiments,
existing crack surfaces can rub against each other and therefore generate a notice-
able amount of heat. Using thermography imaging, this allows spotting damaged
areas and to quantify their evolution to a certain extent (Fig. 2.29).

However, there are two problems associated with both types of heat sources. As
mentioned above, the transient heat pulse due to material fracture is only detectable
for larger failure events. In addition, the heat transfer from the damaged spot to the
surface causes strong dispersion of the spatial information as function of subsurface
position and time. This effect is also relevant for the generation of heat by cyclic
friction of crack surfaces, but is superimposed additionally by the accumulation of
heat in the specimen itself. Therefore no attempts have been made to directly
correlate the occurrence of individual failure types in fiber-reinforced materials to
signatures in thermography images. However, it is worth noting that the resolution
of commercial infrared cameras is well suited to measure temperature rises of few
milli Kelvin with sufficient spatial resolution.

2.4.5 Shearography

Shearography is another optical method, which is distinct to the above mentioned
methods in the way it is used for in situ monitoring. The specimen under investi-
gation is illuminated using an expanded laser beam and images are taken using a
CCD camera via an optical shearing element [202]. The shearing element allows a
coherent superposition of two laterally displaced images of the surface of the
specimen in the image plane. The lateral displacement introduced by the shearing
element is called the shear of the images. The superposition of the two images is
called the shearogram, which is an interferogram of an object wave with the sheared
object wave as a reference wave. To allow for defect detection, two shearograms
are recorded for different loading conditions of the sample. The type of loading
should induce some deformation of the specimen, which is visible at the surface. In
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practice, thermal, acoustical, or mechanical loading are applied in a static or
dynamic way [203-208]. Due to internal referencing shearography is inherently
insensitive to the environmental vibrations and therefore applicable to testing in
field environments.

The absolute difference of the shearograms recorded at different loading states
results in an interference fringe pattern, which is directly correlated to the local
slope of the specimen deformation. Hence, anomalies in the strain field can be
detected and interpreted in a similar fashion as discussed in Sect. 2.4.2 for digital
image correlation. This has been actively pursued for defect detection in composite
materials in the past years but has been mostly directed towards field inspection and
to detect mostly macroscopic defect sizes [206-209].

2.4.6 Ultrasonic Measurements

For the field of ultrasonic measurements, various approaches are reported in
literature to aid the interpretation of occurrence of damage in fiber-reinforced
materials. Well known are the inspection methods using active pulse-echo or
through-transmission configurations to visualize damage inside test specimens.
However, the imaging mode of these configurations (i.e., B-scans or C-scans) are
not straightforward to be used in situ with mechanically loaded specimens. But due
to the close relation between the elastic properties of a material and the ultrasound
velocity and attenuation, guided wave ultrasound pulses can be used to track the
damage state in a fiber-reinforced material. The sensitivity of guided acoustic
waves to such internal defects is very high as long as the wavelength is sufficiently
small to interact with the defect. Such in situ monitoring using two or more sensors
is always limited to the occurrence of damage within the full propagation path
between the sensors. New attempts apply ultrasonic tomography and use sensor
arrays to localize damaged areas by beam forming techniques [210-213]. This
allows a substantial improvement of the spatial resolution to detect the occurrence
of failure in a material, but the temporal resolution is still limited to the acquisition
rate of the active pulses.

Another method suitable to detect the occurrence of failure in situ is the
application of (nonlinear) vibrometry. In this configuration an active pulser is
used to generate cyclic acoustic waves in the specimen under load. One can
image the defect positions by observation of the acoustic wave field using a
scanning laser vibrometer. The occurrence of failure mechanisms of a characteristic
size will cause a noticeable change in the resonances visible as acoustic wave field.
For a particular position this can be quantified in terms of amplitude changes and
frequency or phase shifts [214-216].
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2.4.7 Acoustic Emission

Many approaches are reported in literature to monitor acoustic emission during
testing of fiber-reinforced materials [93, 217-234]. In general, all mechanisms
described in Sect. 2.1 generate acoustic emission during their formation. The
detection of the respective acoustic emission waves by several sensors allows the
inverse calculation of the source position based on the arrival time of the signals at
the different sensors. At the same time the detection and accumulation of signals
allows an in situ monitoring of the damage progress in fiber-reinforced materials. In
this context, it is worth noting that the sensitivity of the acoustic emission method is
extraordinary high, which easily allows detection of single fiber filament failure as
demonstrated in Chap. 4. However, the level of detail seen by acoustic emission is
sometimes hard to relate to the level of description by failure theories or the level of
observation of other experimental methods. For instance, it is arguable whether the
onset of fiber failure as within a failure theory is identical to the first detection of
fiber failure by acoustic emission. Also, the propagation of the acoustic emission
signals in a test specimen has significant impact on the interpretability of the signal.
Therefore, only a thorough understanding of the acoustic emission source, the
signal propagation, and the detection process can lead to a reliable interpretation
of the measurement data. Chapter 4 presents recent developments in this field and is
used to provide an overview of test configurations in conjunction with acoustic
emission acquisition.

Beyond the application of acoustic emission to obtain properties of fiber-
reinforced materials, a large amount of work has also been conducted to use the
method in situ for inspection of structures [132, 235-238] or to conduct failure
prediction. Most noteworthy are the approaches to predict burst pressures in fiber-
reinforced materials [231, 239, 240]. In this context, the usage of acoustic emission
analysis to support interpretation of material failure has already been covered by
several internationally recognized standards such as ISO, EN, ASTM, DIN, or other
national or proprietary standards.

2.4.8 Electromagnetic Emission

Similarly to acoustic emission, the origin of electromagnetic emission is the active
occurrence of damage in the material. As demonstrated in Chap. 5, typical failure
types in fiber-reinforced composites also cause detectable electromagnetic
emission.

However, the details of the source mechanism of electromagnetic emission due
to material failure are still under controversial discussion in literature. Also, today
no commercial equipment is available to readily detect electromagnetic emission
signals. Therefore, electromagnetic emission itself is currently understood as a
method under development and is not yet covered by any technical standards.
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However, the method is very promising for failure analysis of fiber-reinforced
materials and might emerge as a future in situ testing method.

Similar to acoustic emission, the electromagnetic emission benefits from the
high discrimination capability, that is, it only senses active material failure. There
are also indications of even higher discriminative capabilities than for acoustic
emission, since it might be speculated if friction does provide electromagnetic
emission signals. Since friction sources form a typical, but unwanted acoustic
emission source, this discrimination would help to improve the reliability of signal
interpretation. Also, the electromagnetic signals show negligible influence of the
propagation medium and sensor systems are available that show relatively flat
frequency response. Source orientations can be detected using sensor arrays and
can be used to quantify the resulting orientations of interfiber crack planes. As a
technical drawback, the present systems signal-to-noise ratio is one to two orders of
magnitude lower than for commercially available acoustic emission measurement
systems. Moreover, the signal amplitude shows a strong decay as function of source
sensor distance. Despite of these drawbacks, Chap. 5 demonstrates first attempts
dedicated to use electromagnetic emission analysis to monitor failure in fiber-
reinforced materials.
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Chapter 3
Digital Image Correlation

In order to detect the occurrence of failure in a material, visual observation is a very
intuitive approach. Although global failure is many times easier to observe visually,
more dedicated analysis is required to detect small changes indicating the occur-
rence of first failure. One specific type of visual observation follows the idea to
track and measure changes between subsequently acquired images of an object. The
concept used for that purpose is based on digital image acquisition of a moving and
deforming object and is known as digital image correlation (DIC). The background
of this technique stems from the basic principles of optics, perspective imaging, and
digital image analysis.

The aim of this chapter is not to cover all aspects of the topic of DIC, but to
introduce the key concepts and point out the relevant principles for measurement of
strain fields of solid materials. For the interested reader, a comprehensive review on
the topic is given by Sutton, Orteu, and Schreier [1] and a concise review on the
application of 2D-DIC is also found in [2].

One of the first attempts to use image correlation as a measurement technique to
register features in images of different views was made by Hobrough in the 1950s.
A few years later in 1961 he also developed a system to perform first quantitative
positional measurements extracted from an image correlation process. With the
availability of digitized images as provided by CMOS or CCD cameras in the 1960s
and 1970s until the present days the branch of vision-based algorithms with a focus
on DIC techniques has become a growing field of research. The development of the
algorithms of the DIC method is driven by the accompanying applications in
material science. Since the first experimental application in materials science by
Peters and Ranson in 1982 [3], many experimental studies in the field of fiber
reinforced composites were accompanied by DIC as a measurement technique
[4-12]. In recent decades, suitable approaches have been developed to measure
deformations with high magnification (e.g., inside a scanning electron microscope)
and high-speed camera systems have been used to allow digital image correlation
during high strain rate testing [13, 14].
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This chapter starts with a description of the mathematical and physical principles
used by 2D-DIC and 3D-DIC. Focus is given on the parameters that limit detect-
ability for state-of-the-art equipment and comparison is made between theoretical
predictions and measurements under laboratory conditions. The second part of the
chapter has its focus on the theoretical description of strain concentration due to
internal flaws, especially for those types found in fiber reinforced composites.
Measurements with a variety of defect types are compared to calculations using
finite element modeling. Detectability of failure mechanisms in fiber reinforced
composites is discussed as function of failure type, failure size, and depth position
below surface. The last section elaborates some typical applications of DIC mea-
surements in conjunction with testing of fiber reinforced composites.

3.1 Principle of Operation

The idea of DIC techniques is to yield a quantitative measure of motion, rotation,
and deformation occurring between two subsequently acquired images of an object
as seen in Fig. 3.1.

In general, it is not possible to find the correspondence of one pixel in a
subsequent image, since the gray value of the single pixel can be found at many
other pixel positions in the subsequent image too. Therefore, there is no unique
correspondence of one single pixel position in subsequently acquired images.
Instead, a small neighborhood around the pixel of interest is considered to form a
more characteristic pattern to detect in the subsequent images (see Fig. 3.1). This
small neighborhood is usually referred to as subset, window, or facet. However, if
repeating structures such as grids of points, lines, or otherwise regular patterns are
used, there is still no unique correspondence between the images. This matching
problem is known as the correspondence problem. One effective way to circumvent
this lack of unique correspondence is to use a non-periodic, stochastic pattern as the
speckle pattern shown in Fig. 3.1. In order to allow for comparable spatial

rotation
-

deformation

Al

displacement smallneighborhood (subset)

y

Fig. 3.1 Tracking deformation states between images and speckle pattern including small neigh-
borhoods (subset) used for image matching process
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resolution within the image a narrow size distribution of the image features (e.g.,
black dots on white background) is required.

For the matching process between two images, various algorithms are applied in
practice [1, 15]. In the following, the Lucas-Kanade tracker algorithm [16] is used
as an example to demonstrate the basic principles of the digital image correlation
process. Using the small neighborhoods around the pixel of interest, a subset of the
full image is defined. The intensity distribution of the reference subset is denoted as

F(r) and the intensity distribution of the subset after displacement by G (r). Now,
the goal is to find the 2D-displacement vector u,, between these two subsets, which
can be done by minimization of the sum of squares deviation:

Uop = minz ‘é(r +u) — F(r) ’ (3.1)

Such optimization routines are carried out using a cost function y written as first-
order Taylor series

~ ~ 2
G(r+u) —aa—(;Ax —aafAy — F(r)

P+ A uy+A)) =" (3.2)

This starts with the present estimates u, and u, for the initial 2D-displacement
vector and the incremental motion updates A, and A, in the current iteration.
Taking partials of (3.2) with respect to A, and A, and setting them to zero results
in a linear equation system being solved incrementally

(s o(¥) o8| > % -0)
A, G5 Z(@G) Za—y(F—G)

(3.3)
Oy

This optimization procedure iteratively refines the estimate for u,y, in p iterations
using #’*! = u” + A until convergence is achieved. This algorithm can suitably
detect arbitrarily large 2D-displacements as long as the initial estimate is within the
convergence radius of the method. However, in many applications the image
matching process needs to account for high distortions, such as additional rotations
of the image. This is taken into account using shape functions &(r, p) that transform
pixel coordinates in the reference subset into the coordinates of the deformed
subset. This requires modification of the cost function of (3.2) in the following way

20 =36 (eep) ~F ) (34)
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Optimization is carried out for the parameter vector p of the shape function. Taking
derivatives of (3.4) with respect to all parameters of p for the affine shape functions,
the parameter update can be written as

Ap=H'q (3.5)

Using the symmetric Hessian matrix

Y G Y GG, Y Gix > Gy Y GGx Y GGy
.Gl Y GGy Y GGy Y Gix > Gy

- .6 3Gy 3766 3 GO

Y G Y GGy Y GGy
Z C~;§x2 Z éixy
> G

(3.6)
and
> 6.(F-6)
S6,(F- &)
. > Gx(F-G 37

denoting partial differentiations by subscripts, e.g., G, = %—f

The coordinates (x;, y;) and (x, y;) are related by the deformation that occurs

between the two images. If the motion is perpendicular to the optical axis of the
camera, then the relation between (x;, y;) and (7, yj’f) can be approximated by a

shape function resembling a 2D affine transformation:

" ou ou
- Hav+2EA .
X x+u+ax x+ay y (3.8a)
. ov ov
= —A —A .8b
y y+v+ax x+ay y (3.8b)

Here u and v are translations of the center of the sub-image in the x and y direction,
respectively. The distances from the center of the sub-image to the point (x, y) are
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denoted by Ax and Ay, and a“ g;‘, % g; -- are the displacement gradients. The

latter are straightforward to be interpreted as components of the local strain tensor.
If evaluated relative to the global x- and y-direction the displacement gradients can
readily be converted to the axial and transverse strain components with respect to
the axial load axis of a test specimen. Another usual conversion of the local strain
tensor is to calculate a principal component analysis to obtain the first, second, and
third" principal strain values. The principal strain values have been found to be
particularly useful to detect strain anomalies (see Sect. 3.3), whereas for homoge-
neous strain fields the first principal strain value simply coincides with the axial
strain value (if this is the dominant deformation direction) and the second principal
strain coincides with the transverse strain value, respectively.

Additional considerations are required if offsets and scaling of the lighting
conditions occur during acquisition of the images. In practical applications these
effects will always be present to some extent and may falsify the matching process
due to systematic shifts or scales of the recorded gray values. As has been shown
in [1] such effects can be compensated using a modified gray value distribution

G =aG+b introducing an offset b and a scale parameter a. Consequently, the
cost function formulated in (3.4) is modified to yield

r=> (aé,» +b —ﬁ,-)z (3.9)

Therefore the iterative minimization procedure has to account for two additional

parameters a and b. Optimal estimators of these two parameters can be derived from
two equations

ai_zz (aG +bh— F)G (3.10a)
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Using <1?",> :Fi — <ﬁ> and <é,> = C~¥i — <é> one can write the optimal

parameter estimates as

!'The third principal strain component is only applicable for 3D-DIC measurements.
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2 (F)(G)
R S
(Gi)
S (Fi)(Gi)
w=(F) - (FG)y =1 (3.11b)
2(6)

which allows for writing the cost functional solely in terms of the gray value

distributions F and G

(3.11a)

2

r=>Y w&<é>w —F,»+<ﬁ> (3.12)

Until this point it was assumed that the object shows only negligible out-of-plane
motion between subsequent images. Using a single camera system noticeable out-
of-plane motion of the object with respect to the camera will introduce virtual
displacement gradients. These will corrupt the in-plane measurements and may
make it difficult or impossible to separate the true deformations and “pseudo image
deformations” introduced by the out-of-plane motion. As shown in [17] a relative
motion away from the image plane decreases image magnification and introduces a
negative normal strain. In [17] it was demonstrated that measurements by a regular
2D-DIC system result in a relationship of the normal strain e to the out-of-plane
motion w in a linear fashion resulting in a proportionality of ¢ = 1524 - 1076 - w

In the typical 2D-DIC configuration only one camera is used to acquire images
of the object. Such a single camera performs a perspective transformation of a 3D
object point to a 2D image point. Therefore, information of the third dimension is
irreversibly reduced during this operation. As shown in Fig. 3.2 this causes two
points O, and O, being projected to the same image point P; = P,. In contrast, the
usage of two camera systems with different viewing angles as shown in Fig. 3.2
allows for recovery of the 3D position of the object point.

Using such a stereo vision system the measurement error due to out-of-plane
motion can almost be compensated. Experiments for a 3D-DIC system demon-
strated the measured strain error to be linear with the out-of-plane motion by a
factor of only 1.31 - 1076 [17]. This is four orders of magnitude lower than for the
recordings using a 2D-DIC system.

However, for such stereo matching processes, further modifications to (3.10a)
and (3.10b) are required, since the nonlinearity of perspective projection does
not allow usage of affine transformations even if the object is a plane (for details
see [1]).
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Fig. 3.2 Camera configuration as usually used in 2D-DIC (a) and stereo vision process to measure
3D object positions used in 3D-DIC (b)
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Fig. 3.3 Acquisition chain of DIC comprising steps of optical imaging using lens system, digital
image acquisition, and image correlation

3.2 System Accuracy

For the purpose of materials testing, the extraction of quantitative displacement and
strain values out of the acquired images is of largest practical interest. Therefore
concise knowledge of the measurement accuracy is required. In this context one can
distinguish between several factors, which influence the finally obtained measure-
ment values. As seen in Fig. 3.3, one part deals with the measurement errors
introduced by the optics of the measurement system. Lens distortions such as
spherical aberration, coma distortion, astigmatism, curvature of field, and linear
distortion are introduced by the system optics used in the image acquisition process.
However, these effects can be sufficiently compensated using accurate calibration
procedures to map the object coordinates and the image coordinates [1]. Descrip-
tions of these effects are extensively covered in standard literature on optics
[18, 19]. In the following, the discussion is thus focused on the measurement errors
arising due to the digital image acquisition, due to the image correlation process and
the computations in the stereo-vision process.
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3.2.1 Error Sources

The DIC method is known to measure displacements with sub-pixel accuracy and
lateral surface strains in the range < 107>, There are several sources influencing the
system resolution, which can be due to intrinsic noise of the acquired images,
statistical and systematical errors introduced by the system calibration, sub-pixel
effects resulting from the camera resolution [1, 20-22] or due to intrinsic uncer-
tainties of the image correlation algorithm.

As first category, the correlation errors describe uncertainties of the correlation
of corresponding subset positions in subsequent images. These correlation errors
can be further divided in systematic and random errors. A second category arises for
the usage of 3D-DIC methods. Here, the 3D-coordinates reconstruction method
introduces further error sources for the finally computed values. Although the
displacement and strain values are the quantities of interest for the purpose of
materials testing, the primary measurement value in DIC is the pixel (px). The link
between these pixel shifts and the computed displacement and strain values will
thus be established in Sect. 3.2.2.

3.2.1.1 Systematic Errors

Systematical errors are caused by sub-pixel effects, which occur because of the
discretization of the speckle pattern by the CCD camera pixels. In order to obtain
sub-pixel accuracy of the image correlation, the cost function y* has to be evaluated
at non-integer locations of the pixel array. Therefore, gray values have to be
interpolated between the sample points (pixels). As interpolation is a method of
approximating a value between two samples, the use of gray value interpolation in
the matching algorithm can be expected to introduce errors. Another factor likely to
introduce errors in the sub-pixel image correlation is the highly nonlinear distor-
tions of the subsets.

As has been investigated in detail in [1, 21, 23] there are three main factors
considered as sources for systematic errors:

» Image noise level
» Choice of subset size
» Choice of speckle pattern size

The typical procedure to assess the influence of these parameters is the evalu-
ation of synthetic or experimental speckle patterns. These speckle patterns are
moved in one direction by a known value resulting in a sub-pixel displacement.
Therefore, the reference displacement is known and the mismatch of the values
calculated by the DIC method can be compared relative to that reference.
A qualitative result of such an investigation is shown in Fig. 3.4. As reported
previously [1, 21, 23, 24], there is a typical sinusoidal fluctuation of the matching
error, which is common to most of the DIC algorithms. For most of the DIC
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Fig. 3.4 Schema representation of the systematic matching error as function of the DIC matching
algorithm. Absolute values of pixel mismatch and detailed behavior depend on the respective
algorithm (see [21, 23] for details)
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Fig. 3.5 Schema representation of the systematic matching error as function of noise present in
the images. Absolute values of pixel mismatch and detailed behavior depend on the respective
algorithm (see [21, 23] for details)

algorithms investigated the matching error approaches zero at the integer positions,
ie., at 0 and 1 px displacement. Some of the algorithms also approach zero
matching error at 0.5 px but others tend to fluctuate without noticeable structure.
Therefore, Fig. 3.4 is only understood as qualitative representation, whereas the
quantitative values of the matching error depend on the respective DIC algorithm
and on the subset shape functions used therein.

For random noise added to the image, the overall performance of the matching
process starts to decrease. As has been shown by [21, 23], there are some DIC
algorithms, which are almost unaffected by the presence of random noise in the
images, while other algorithms show almost linear dependence on random noise
superimposed to a displaced speckle pattern (cf. Fig. 3.5). For the typical noise
values as expected in real measurements a broad range of matching errors was
found. Whilst the best algorithm was found to be constantly below 0.005 px
mismatch, some of the algorithms result in maximum values of up to 0.25 px
mismatch.

Similar effects have been found for the subset sizes. Most of the algorithms yield
almost no characteristics in the mismatch error as function of different subset sizes
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(e.g., spanning a typical range from 6 to 32 px). However, some algorithms yield
pronounced dependence on the subset size, potentially causing a magnification of
the mismatch error by a factor of four for a decreasing subset size.

In general, the same effect could be expected for the speckle pattern size. Since
the subset is the discretized version of the real speckle pattern, both size choices can
have a similar impact. Therefore it is more convenient to investigate the effect of
the speckle pattern normalized by the subset size to assess the effects of this
discretization. The findings of [21, 23] can be compared to those derived from the
expression of the systematic error developed by [22]. In their expression,
the systematic error is calculated taking into account the gray value gradients
of the initial and translated (or deformed) images as well as the noise level.
Hence, there is a common tendency of most of the algorithms to increase their
sensitivity to the presence of noise, when coarse speckle patterns are used.

3.2.1.2 Random Errors

Random matching errors occur because of the limited number of pixels and
corresponding gray values in each subset, and the sub-pixel matching process.
The corresponding statistical error decreases with the square root of the number
of subset pixels used for the matching process. Additional random error sources are
statistical noise of the gray values, different illumination settings for the two
cameras, image contrast, and size of the speckle pattern on the specimen surface.
Such random matching errors can often be compensated by smoothing operations or
by averaging of the acquired images.

The random matching error is evaluated using the same procedures as the
systematic matching error. The main difference is the evaluation of the error
quantity. While the systematic matching error is understood as global displacement
error of the image correlation process, the random matching error is understood as
standard deviation of all of the individual subset results.

As demonstrated by [21, 23], the mean random matching error generally
decreases with the subset size and increases with the noise level as schematically
seen in Fig. 3.6. Roux and Hild [25] have proposed an analytical expression of the
random matching error showing that it scales linearly with image noise and pixel
size and with the inverse of the mean square gradient and subset size.

However, based on the different implementations of DIC algorithms, some of
the algorithms show a mean random matching error independent of the speckle size.
As for the systematic matching error, the random matching error is a function of the
interpolation process which generates individual gray value gradients. Therefore,
each algorithm tends to show unique sensitivity on these factors, causing intrinsic
complexity to the prediction of the random matching error.



3.2 System Accuracy 67

0.10 - — algorithm A — small Speckle pattern
g ----- algorithm A — larger Speckle pattern
= — algorithm B — small Speckle pattern
2 ----- algorithm B — larger Speckle pattern
(0]
g .
5 0.05+
C
S .
c et
S .
8 e
E -
0.00 == i |
0.0 0.5 1.0

noise level [a.u.]

Fig. 3.6 Schema representation of the mean random matching error as function of the speckle
pattern size and the noise level. Absolute values of pixel mismatch and detailed behavior depend
on the respective algorithm (see [21, 23] for details)

3.2.1.3 Stereo Vision

As indicated in Fig. 3.2, the 3D-DIC approach uses the stereo vision concept to
derive the 3D position of an object. The errors introduced by this matching
procedure add to the errors discussed for the image matching process. Here, the
uncertainties of the calibration parameters translate into errors, when reconstructing
the 3D coordinates from correlated subsets of the two cameras.

Calibration errors appear in a systematical manner as a function of the subset
positions in the camera images, causing local distortions of the reconstructed 3D
space. In order to get an understanding of the impact on the evaluated data, the
distortion effects can be described by the following approximation:

If P=(x,y, z) is the real position of a reconstructed point, the measured
coordinate Pey, will differ from P by a deviation vector AP. In the vicinity of a
point Py = (xo, y,, Zo) the deviation vector can be approximated using the distor-
tion matrix K:

AP(Py+r) = AP(Py) + K- r (3.13)

The evaluation of the components of the distortion matrix K and the known
displacement r thus allows the calculation of the deviation vector AP associated
with the error in reconstruction of the 3D position.

3.2.2 Resolution

For the final interpretation of measured displacement and strain values, the resolu-
tion of the imaging system has to be considered. Based on the principles of optics,
there is a straightforward derivation of the pixel resolution. As seen for the simple
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Fig. 3.7 Principle of
pinhole camera establishing
relation between size of
object and single pixel size
on camera system

object lens projection
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Fig. 3.8 Example of strain field calculated for identical images with 0.028 mm/px resolution
(upper row) and different subset window sizes in magnified section of speckle pattern (lower row)

example of a pinhole camera in Fig. 3.7, the measured object is projected to the
detector using a lens system. Accordingly, the system resolution is given by the size
of the object, divided by the number of pixels in the used array. This assumes, the
projected image is within the depth of field of the camera system (i.e., is projected
without blurring) and the whole configuration is calibrated to compensate for the
effect of lens distortions.

This theoretical system resolution is thus given as pixels per unit length and is
very dependent on the selected configuration. Choosing lens systems with different
magnification factors and adjusting the distance to the object can be used to
optimize this value. Therefore, the measured displacement value is directly
obtained from the change in pixels times the resolution. Similarly, the measured
strain values are usually derived from the change in pixels relative to the local
reference length. Therefore, the latter sometimes is more tolerable to the occurrence
of distortions, since the displacement and the reference length are affected by such
distortions in the same way.

Although the DIC systems provide sub-pixel accuracy as discussed in
Sect. 3.2.1, this does not necessarily allow interpretation of strain values at this
length scale. Beyond the single pixel resolution, the limiting factor is the choice of
subset sizes. As seen in Fig. 3.8 with 0.028 mm/px, a certain trade-off between the
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increasing spatial resolution and the increasing matching errors has to be achieved.
Here the same image data was processed using different subset window sizes.
Beyond the effects of interaction between the subset size and the speckle pattern
size, a clear trend is observed. For larger subset sizes no anomalies are visible in the
strain field. With decreasing subset size, such strain anomalies appear and tend to
grow sharper and more detailed, which is caused by the increased spatial resolution
of the strain field as provided by the increased amount of subset windows. However,
for very low subset window sizes (such as 5 px) the increasing matching errors start
to dominate the appearance of the strain field. In addition to the increased error of
the absolute values this also prevents the detection of such strain anomalies and
poses further challenges to overcome when detecting the occurrence of failure in
fiber reinforced materials.

As a rough estimate of current systems capabilities, for a typical commercial
3D-DIC system the respective accuracy as function of different lens systems was
evaluated by [26]. Taking into account the error sources introduced in Sect. 3.2.1 it
was observed that displacement errors are present on the order of less than 0.02 px,
translating into strain errors being limited to 0.05 x 10>, when using a lens with
50 mm focal length, or 0.2 x 10~ strain error for a 17 mm lens for the selected field
of view. If the displacement between images is small (less than 50 px), the
respective errors were found to scale linearly. For a wide angle lens system with
a focal length of 4.8 mm, distortions introduced by the camera could not be
sufficiently compensated by the calibration routine.

3.3 Strain Concentration

Based on the history of solid mechanics, the presence of geometric discontinuities
is usually associated with the concept of stress concentration. As seen in Fig. 3.9,
the presence of a hole causes a change of stress flux in the residual cross section
when subject to a tensile load. This is a well-known concept in structural mechanics
and an established routine for design of structural components [27, 28]. The same
principle holds valid for the presence of internal defects such as cracks. These
cracks cause a stress concentration at the crack tip and may propagate after
exceeding a critical stress value. For typical engineering materials like metals,
polymers, or ceramics the critical size of these cracks and the critical stress values
can directly be obtained using the concepts of fracture mechanics [29-31]. Due
to the complexity of the microstructure and the shape of the cracks, similar
approaches for fiber reinforced composites are still subject to recent research efforts
[27, 32-34].

The maximum stress near a crack occurs in the area of lowest radius of
curvature. For the simple case of an elliptical crack of length 2a¢ and width 2b
(cf. Fig. 3.9) for an applied external stress o, the stress at the ends of the major axes
of the crack is given by:
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Fig. 3.9 Schema of stress flux around an elliptical hole (a) and stress flux around a crack (b)
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This uses 7. as radius of curvature of the crack tip. The so-called stress concentra-
tion factor is the ratio of the highest stress (o.,ax) to a reference stress (o) of the
gross cross section. As the radius of curvature approaches zero, the maximum stress
approaches infinity. It is worth noting that the stress concentration factor is only a
function of the shape of a crack but not of the absolute crack length.

Based on the stress—strain relation implied by Hooke’s law, there is an expected
relation between the stress concentration and the strain concentration. Although
linear elastic material behavior does not hold valid for the region close the crack tip,
there is still a distinct proportionality between the values of stress concentration and
strain concentration as discussed in detail for the case of fiber reinforced materials
by [27, 32-34].

Various experimental methods have been applied to derive stress or strain
concentration, such as photoelastic stress analysis, shearography, strain gages, or
digital image correlation. On the theoretical side, many analytical formulations
have been provided for design of structures, most of them going back to [28]. How-
ever, for the complexity faced in composite materials in terms of anisotropy,
boundary conditions, and heterogeneity, numerical methods based on finite element
modeling have been recently proposed [33, 34].

Combining these simple considerations on strain concentration and the avail-
ability of high resolution cameras for full-field strain measurements, it is feasible to
evaluate the capabilities of DIC systems to detect strain concentrations due to
typical failure types in fiber reinforced composites. This is motivated by recent
literature indicating strain concentration due to the microstructure of the material
[35] or the formation of internal cracks [36].
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However, for the existence of strain concentrations at a certain load level, there
are several options how these indications may relate to the formation of (micro-)
cracks on the interior of the material. All kinds of defects, such as voids, particle
inclusions, or fiber disorientations, are well known to act as crack initiation sites.
The presence of these defects will cause a local disturbance of the strain field due to
the presence of geometric discontinuities (voids) or due to the locally different
stiffness properties (fiber orientation, inclusions).

In all cases, after crack initiation there is a geometrical discontinuity located in
the composite, which is given by the presence of the crack itself. Accordingly, the
strain field is affected by the presence of this discontinuity. The effect of the latter
will substantially depend on the size of the crack and the type of stiffness reduction
(e.g., fiber failure vs. inter-fiber failure).

In order to estimate the visibility of such defects in full-field strain measure-
ments, Sects. 3.3.1 and 3.3.2 present results of recent studies used to assess the
applicability of presently available high resolution DIC systems [37, 38]. For these
first studies, focus is given to the typical specimen dimensions used in materials
testing, spanning a range of several centimeters in size.

3.3.1 Measurement of Strain Concentration Due
to Internal Defects

For the experimental part of the study tensile specimens are prepared, which are
either free of defects (reference) or comprise certain model defects in various depth
positions below the surface. The respective specimen dimensions are shown in
Fig. 3.17 including the position of the speckle pattern. As material system a Sigrafil
CE1250-230-39 prepreg system was used, which was cured according to the
material supplier’s specifications. All experiments are carried out by calibrated
3D-DIC measurements using an ARAMIS 12 M system applying the acquisition
parameters reported in Tables 3.1 and 3.2. A photographic representation of a
typical experimental configuration is shown in Fig. 3.10. The tensile specimens
are subject to a tensile load using a universal testing machine with a cross-head
velocity of 1 mm/min.

To assess the limits of detectability for specific failure mechanisms in compos-
ites it is necessary to prepare defects of a known size at a certain depth of the
laminate. Since this is impractical to be done by using mechanical experiments (i.e.,
the size and position of a defect is arbitrary in such a case), artificial defects are
prepared to represent the existence of real defects. To this end, defects are embed-
ded in the specimens during the fabrication process.

To fabricate an artificial fiber breakage one ply of the stacking sequence is cut
for the full thickness for a certain length. As seen in the computed tomography
image in Fig. 3.11 after curing of the laminate, the fiber cuts are clearly visible and
accurate dimensional measurements are possible to obtain the real depth position
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Table 3.1 Acquisition settings of DIC system used for tensile tests to detect strain concentration
effects

Measurement setup | Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 5.6/100 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°
Filter Polarization-filter Schneider-Kreuznach
Field of view (55.9 x 41.7) mm®

Scale factor 0.0136 mm/px

Subset size 21 x 21 pixel

Acquisition rate 2 Hz

Software ARAMIS

Configuration 3D

Table 3.2 Acquisition settings of DIC system for tensile tests on unidirectional fiber reinforced
composites

Measurement setup | Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 2.8/50 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°
Filter Polarization-filter Schneider-Kreuznach
Field of view (113.4 x 86.7) mm?

Scale factor 0.028 mm/px

Subset size 19 x 19 pixel

Acquisition rate 2 Hz

Software ARAMIS

Configuration 3D

and size of the artificial defect. In the example the nominal size of the fiber cuts was
chosen to be 10 mm in length and one ply thickness of 0.22 mm. However, the cut is
not always perfectly oriented inside the laminate, i.e., it develops an angle relative
to the z-axis as seen from the right image in Fig. 3.11.

Also, the crack front is not exactly linear, but tends to deviate slightly from an
ideal line as seen from the xy-cross section in the left image (this shows a cross
section inside the laminate, i.e., the top-surface seen in the left image is not the
outer surface of the laminate).

To fabricate an artificial delamination, inserts of thin Ethylene
tetrafluoroethylene (ETFE) sheets are used. In the present case two ETFE sheets
of 10 pm thickness are molded together at the edges using a hot wire processing
technique. This yields ETFE balloons of well-defined cross-sectional dimensions
filled with air. These balloons are embedded in the laminate during fabrication and
are easy to detect in computed tomography images of the cured laminate
(cf. Fig. 3.12). In the left image the yz-cross section reveals the width of the
delamination (nominally 10 mm) and the wavy orientation of the embedded balloon
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Fig. 3.10 Typical experimental setup and specimen dimensions including speckle pattern posi-
tion and area marked by dashed line as used to obtain mean strain values

fiber breakage

Fig. 3.11 3D-slices of computed tomography images of artificially prepared fiber breakage in a
unidirectional laminate
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delamination

Fig. 3.12 3D-slices of computed tomography images of artificially prepared inter-ply delamina-
tion in a unidirectional laminate

along the z-direction. This is a consequence of the material contraction during
laminate curing and thus cannot be avoided using this fabrication process. How-
ever, the orientation in parallel to the fiber axis is nearly a straight line as seen from
the xz-cross section in the lower right figure. Here the nominal length of the
delamination was also chosen to be 10 mm, yielding a cross section of the prepared
inter-ply delamination of 100 mm?.

Comparatively challenging is the fabrication of artificial defects resembling
inter-fiber cracks. Using 50 um thin Polyimide (PI) stripes it is possible to embed
an out-of-plane discontinuity as seen in Fig. 3.13. As seen from the xy-cross section
in the left image, the nominal length of this inter-fiber crack was chosen to be
10 mm, which can be implemented rather accurately. However, the angle of this
discontinuity in the yz-plane is hard to control during laminate fabrication. For the
example shown in Fig. 3.13, the resulting angle was evaluated to be approximately
61° as seen from the yz-cross section in the right image.

It was found to be particularly challenging to fabricate different angles in a well-
defined orientation. In a real composite, the occurrence of inter-fiber cracks at other
angles than 90° is readily expected from failure theory and experimental observa-
tions. Accordingly, the orientation will also cause distinct changes with respect to
detectability of such inter-fiber cracks as demonstrated in Sect. 3.3.2.

Based on these three representative examples of artificially prepared defects, a
systematic study was conducted. In all cases investigated, the artificially prepared
defects are meant to represent an already existing crack surface. Therefore, the
values discussed in the following are understood as strain concentration effects due
to the existence of these defects, not due to the formation of these defects. The
implication of this assumption will be discussed in Sect. 3.3.3.

For each failure type artificial defects of different size and depth position were
prepared. The systematic aspects of this study will be discussed in Sect. 3.3.2. Asa
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Fig. 3.13 3D-slices of computed tomography images of artificially prepared inter-fiber crack at
61° angle in a unidirectional laminate

representative example of the resultant experimental measurements, the case of
fiber breakage embedded in a unidirectional laminate will be presented in the
following.

As seen from the false-color representation of Fig. 3.14, the presence of an
artificial fiber breakage within the laminate causes a readily visible strain concen-
tration at its position. All examples shown in Fig. 3.14 are shown for a mean
(global) strain value of 0.42 % as indicated by the false-color histogram of the x-
strain (in parallel to load axis). Each measurement represents a different length of
fiber breakage starting at nominally 10 mm (Fig. 3.14a) and decreasing to 7.5 mm
(Fig. 3.14b), 5.0 mm (Fig. 3.14c), and 2.5 mm (Fig. 3.14d). All fiber breakages were
located at the second ply (i.e., 0.22 mm below the surface). For each measurement
the strain values above and below the crack position exceed the surrounding
(global) strain value by 0.10-0.27 %. As seen in the figures, there is a distinct
relationship between the size of the crack and the height of the strain value
exceeding the background value. As expected from (3.14), smaller defect dimen-
sions cause smaller strain concentration.
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Fig. 3.14 Typical measurement result for artificial fiber breakage in a unidirectional laminate
located at 0.22 mm below surface (2nd ply) at 0.42 % mean strain and changing spatial size
ranging from 10 mm (a) to 7.5 mm (b), 5.0 mm (c), and 2.5 mm (d)

Keeping the spatial dimensions constant at 10 mm size, the depth position of the
fiber breakage is now systematically varied. As seen from the measured strain fields
of Fig. 3.15 at a constant mean strain value of 0.42 %, this causes a significant drop
in the measured strain concentration when moving from near surface positions to
deeper within the laminate. For convenience, the depth position of the artificial fiber
breakage is noted in terms of the cut ply assuming an individual ply thickness of
0.22 mm. Thus the 2nd ply is located 0.22 mm below the surface, the fiber breakage
itself spanning the full extent of the second ply, i.e., ranging to 0.44 mm. As
indicated in Fig. 3.11, these values constitute only nominal values, but are good
enough to discuss the overall trend. Evaluating the images in Fig. 3.15 according to
(3.15), the strain concentration value at the defect position was found to exceed the
mean value by 0.27 % for the 2nd ply, by 0.23 % for the 3rd ply, and by 0.08 % for
the 4th ply position depending on the exact position used for the strain quantifica-
tion. The reason for this decay will be discussed using the respective modeling
results in Sect. 3.3.2. With respect to the fluctuation of strain values in the
surrounding area, the question arises if the measured strain concentration is signif-
icant relative to the background noise. This requires a discussion of the background



3.3 Strain Concentration 77

x-strain
[%]

0.62
0.45

0.28

0.1

x-strain
- [%]

0.96

0.79

0.62

0.45

0.28

0.11

Fig. 3.15 Typical measurement result for artificial fiber breakage in a unidirectional laminate at
0.42 % mean strain and 10 mm size located at different depth positions below surface ranging from
2nd ply (a) to 3rd ply (b) and 4th ply (c)

noise level and a refinement of the strategy to quantify strain concentration. To this
end, the discussion of the background noise floor is found in Sect. 3.3.3. In order to
quantify a representative strain concentration value for each defect, the experimen-
tally used data reduction strategy is introduced next.

The experimental measurements were carried out using static tensile tests with
an acquisition rate of 2 Hz yielding a large data base for a single type of defect. For
a representative subset of the images as function of the applied stress values, two
measurements are made each. First, the average tensile stress within the cross-
hatched area of Fig. 3.17 is evaluated by calculating the arithmetic average of all
subset values excluding the region of the embedded defect. This is denoted as strain
average (€)av, in Fig. 3.16a and is plotted as function of the applied stress value.

Second, at the positions of the embedded artificial defect the strain concentration
value (€)conc is evaluated at distinct points. As seen from the linear regression line
in Fig. 3.16a, the strain concentration values show almost linear behavior as
function of the applied stress value, but exceed the strain average at all times. For
the given example of a fiber breakage of Fig. 3.14a, this is indicated by the region of
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Fig. 3.16 Evaluation of strain average and strain concentration of artificial fiber breakage of
10 mm size located at 2nd ply below surface as function of stress value (a) and respective
quantification of the strain exceedance normalized by the applied stress as function of stress (b)

increased compliance in the vicinity of the cut fibers. The origin of this local change
of compliance is straight forward to understand by the partial absence of fibers
contributing to the stiffness of the laminate.

While the example of Fig. 3.16a is rather obvious in terms of absolute values, the
same finding was valid for each defect investigated. All artificial defects investi-
gated exhibit similar behavior, being either systematically greater or lower than the
strain average, depending on the type of artificial defect and the strain direction
used for evaluation (see Sect. 3.3.2).
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As measure of strain concentration relative to the surrounding area Ae the
following equation is evaluated for each stress value:

Ae = ‘(e)

(3.15)

conc <E> avg

using the averaging procedure

1 m
==Y ¢ 1
<€>conc m = EJ (3 53)

1 n
(€)ave = . E €k (3.15b)
=1

where m is the total number of subsets evaluated in the global strain field and 7 is
the number of evaluation points of strain concentration in the region of the defect.
Taking the absolute values in (3.15) allows to interpret Ae as positive scalar
deviation relative to (€),,,. This definition was chosen since the detectability of a
defect does not distinguish between positive or negative exceedance of the strain
average.

For the values of the example in Fig. 3.16a, the value of Ae is observed to
increase with the applied stress value, thus indications of such embedded defects
are easier to observe at higher stress values. By dividing the value of Ae by the
applied stress o the normalized value Ag/o shown in Fig. 3.16b is obtained.
Remarkably, this value is almost independent of the applied stress, which is
attributed to a linear elastic relationship of both (&)¢onc and (g),.e to the applied
stress. Taking the arithmetic average of these values and their according standard
deviation this allows to obtain a characteristic value for this type of artificial defect
at its depth position and evaluates for this example as (0.457 +0.037) [% GPa™!
]. The specific units of Ae/o are chosen to be percentage per Gigapascal to provide
numeric values close to one, which are easier to discuss in the following. However,
the use of GPa~' should not be misinterpreted as compliance value of the laminate,
since the used strain value does not reflect the global or local compliance value, but
the difference between both.

To reach a statistically more significant representation for one single defect, the
same evaluation is performed at n different points of strain concentration, i.e.,
Fig. 3.16 shows only one of these evaluations. Thus, the n locations for each defect
evaluation are chosen at spots of highest strain concentration, since the extreme
values will determine visibility of the strain signature. In contrast, averaging of
many points in the area of the embedded defects (i.e.,n > 50) was not found to yield
appropriate values, since the extreme values of strain concentration will be sub-
stantially reduced in the averaging procedure. Thus n = 5 positions were typically
used for the evaluation.
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Based on this type of measurements, the following section is used to validate a
modeling strategy to predict the strain concentration effects in a laminate due to the
existence of typical defects before starting the discussion of system detectability
limits in Sect. 3.3.3.

3.3.2 FEM Modeling of Strain Concentration Due
to Internal Defects

In order to begin a systematic study of the strain concentration caused by internal
defects in fiber reinforced materials, a finite element modeling approach is devel-
oped and validated using DIC measurements on reference specimens, open-hole
tensile specimens, and specimens with embedded artificial defects.

For the finite element method modeling the “structural mechanics module” of
the commercial software package Comsol Multiphysics is used. A full 3D repre-
sentation of the experimentally used geometries is implemented and discretized by
a mesh using linear order shape functions and a maximum edge length of 0.5 mm
with substantial mesh refinement down to 10 pm when approaching the crack tips.
As material model, the data of the experimentally used Sigrafil CE 1250-230-39
material given in Table B.1 in Appendix B is used in the following. The individual
plies of the test specimen are chosen as homogenous unidirectional material with an
orientation in accordance with the experimental configuration. The reinforcement
sections are modeled as stacking sequence of [+45/—45/0]ym, using the Sigrafil CE
1250-230-39 material data. For modeling of the strain concentration, a stationary
tensile load is applied as force at the top and bottom surfaces of the reinforcements
on one end of the specimen as seen in Fig. 3.17a. The opposite side of the specimen
uses fixed displacement conditions at the surface of the reinforcements
corresponding to the experimental configuration. All geometric dimensions of the
tensile specimens are matched to the experimental values, with their nominal
dimensions shown in Fig. 3.17.

To validate the finite element model in its global stress—strain prediction, a first
comparison of calculation results is made relative to experimental data for a case
study without incorporated defects. Figure 3.18 shows a comparison between
experimental results of a unidirectional tensile specimen with load axis in parallel
to the fiber axis and the respective modeling result. For the experimental results, the
strain values are obtained from the 3D-DIC measurements using the acquisition
parameters noted in Table 3.1. The experimental strain values are obtained as mean
value from area inside the dashed line as marked in Fig. 3.10 on the surface of the
specimen. Comparison is made to the simulated mean strain value as calculated on
the cross-hatched surface in the area indicated in Fig. 3.17. As seen from Fig. 3.18,
there is very good agreement of the experimental and simulated axial and transverse
stress—strain curves. Based on this validation, the linear-elastic material model is
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Fig. 3.17 Model setup for validation of material properties and cross-hatched area for averaging
of strain values (a) and model setup for open-hole tensile test including dimensions (b)

assumed to be valid for the investigated stress limit of 800 MPa, an axial strain limit
of 0.65 %, and a transverse strain limit of —0.21 %.

3.3.2.1 Full-Field Comparison

To further validate the accuracy of the FEM model, a typical well-known macro-
scopic discontinuity is introduced to cause a strain concentration at a preferred
position. This is done in the form of an open-hole tensile test using a drilled hole of
nominally 3 mm diameter as seen in Fig. 3.17. Figure 3.19 shows the axial and
transverse strain fields of the open-hole tensile test at 346 MPa. Comparison is
made in Fig. 3.19 for the strain concentration in x- and y-direction in the vicinity of
the hole as obtained from 3D-DIC measurements (b,d) and as computed by finite
element modeling (a,c). As seen from the figures, the absolute values of strains of
measurement and computation agree well to each other. Some differences arise due
to the noise being present in the experimental measurement causing fluctuations of
the strain values and the spatial resolution of the measurement causing less resolved
peak structures when compared to the computation result. Using this full-field
validation it may thus be further concluded that the chosen modeling parameters,
such as discretization settings, are sufficient to compute similar strain concentration
values as experimentally measured.
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Fig. 3.18 Comparison of axial (a) and transverse (b) strain curves as obtained by 3D-DIC and by
finite element modeling

Due to the good agreement of the computed strain values for the open-hole
discontinuity, it is assumed that further finite element based predictions of strain
concentrations due to internal defects are valid within a certain level of accuracy.
The validated material model is thus used to calculate strain concentration effects
due to embedded artificial defects in fiber reinforced materials. To this end, one
representative example of each defect is shown in Figs. 3.20, 3.21, and 3.22 each.

As first example, Fig. 3.20 presents a comparison of an experimentally measured
strain concentration of a fiber breakage of 7.5 mm size located at the 2nd ply below
the surface at 0.42 % mean strain and the corresponding modeling result. Due to the
identical strain scales of both figures (measured in parallel to the load axis), a direct
discussion of the observed differences is possible. To model the cut fibers the
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approach makes use of a “thin elastic layer” oriented in the yz-plane. The stiffness
of the “thin elastic layer” is set to zero, resembling fully separated surfaces, i.e., a
fully developed crack at this position. Due to the presence of the resin after
specimen fabrication, this assumption may only be fulfilled after exceeding a
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Fig. 3.19 Comparison of the strain-concentration at 346 MPa of open-hole tensile test in x-strain
field and y-strain field as computed by finite element modeling (a,c) and as obtained from 3D-DIC
measurements (b,d)
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Fig. 3.19 (continued)

certain minimum stress. This is required to crack the resin at this position and to
open a gap representative for broken fibers. At the applied 569 MPa stress this is
likely the case. The modeling result shows a primary strain concentration above and
below the position of the modeled crack. Highest values occur at the center of the
crack, i.e., at 3.75 mm distance to each edge of the crack. In contrast, the example of
Fig. 3.20a yields highest strain concentration values at the left edge of the crack.
This can likely be due to imperfections during the preparation, since the cut fibers
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Fig. 3.20 Comparison of the strain-concentration at 569 MPa for an artificial fiber breakage of
7.5 mm size in a unidirectional laminate located at the 2nd ply below surface as measured (a) and
as computed by finite element modeling (b) (based on [37])
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Fig. 3.21 Comparison of the strain-concentration at 695 MPa of an artificial delamination of
10 mm x 10 mm size in a unidirectional laminate located at the interface between 1st and 2nd ply
below surface as measured (a) and as computed by finite element modeling (b) (based on [37])

tend to deviate from an ideal orientation along the x-axis as revealed by the 3D
images of Fig. 3.11. The orientation within the xz-plane may develop an angle,
which is not identical at each position along the y-axis. These effects may cause
distinctly different strain concentration values, since their absolute orientation
exhibit some intrinsic scatter. Moreover, secondary damage might be present at
the measurement position or might develop during specimen loading. For the case
shown in Fig. 3.20a, there is a certain likelihood of delamination formation during
laminate curing as consequence of the cut fibers. Furthermore, such delamination
may also initiate at low load levels, as e.g. used as measurement principle in
transverse-crack tension specimens (see Sect. 4.7 or [39]). Neglecting these effects,
the overall match of strain concentration predicted by the finite element model was
found to be in good agreement to the experimental measurement.
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Fig. 3.22 Comparison of the strain-concentration at 535 MPa of an artificial inter-fiber crack of
10 mm size in a unidirectional laminate as measured (a) and as computed by finite element
modeling (b) (based on [37])

As second example, Fig. 3.21 presents a comparison of an experimentally
measured strain concentration of a delamination of 10 mm x 10 mm size located
at the interface between 1st and 2nd ply below surface stressed by 695 MPa and the
corresponding modeling result. To model such inter-ply delamination, the defect
was embedded as “thin elastic layer” of same dimensions in x- and y-direction as
the experimental defect. To mimic the presence of the embedded ETFE balloon, the
“thin elastic layer” was given the stiffness properties of ETFE along the z-axis for
compressive stresses normal to the surface and zero stiffness in x- and y-direction.
Use of a perfectly flat rectangular representation was found to underestimate the
measured strain concentration at least by a factor of two. However, the true shape of
the artificially embedded defect exhibits certain waviness along the z-axis as seen
from the computed tomography image of Fig. 3.12. Using a geometry with similar
wavelength and z-amplitude as for the experimental defect, the computation result
of Fig. 3.20b was obtained. Given the identical strain value range there is good
agreement between experiment and model. Primary differences between both
figures are attributed to the non-periodic waviness of the experimentally prepared
delamination and the difference in edge representation of the embedded ETFE
balloon. The latter exhibits a pronounced topology in the experiment, but was
merely accounted for as straight line in the model. This may likely cause the higher
strain concentration values seen in the model result. However, for the overall
quantification of strain concentration, this will be negligible as demonstrated in
the following.

As third exemplary representation a comparison is made between an experimen-
tally prepared artificial inter-fiber crack and the corresponding modeling result.
Figure 3.22 shows the comparison for a stress value of 535 MPa and 10 mm size of
the inter-fiber crack. As described above, this type of defect is prepared using an
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embedded PI stripe reaching from the front to the back of the laminate, i.e.,
spanning the full z-extent of the laminate. Accordingly, the model uses an embed-
ded cube of 50 pm length along the y-axis, 10 mm length along the x-axis, and
1.8 mm along the z-axis (full laminate thickness). The domain is given the elastic
properties of PI as noted in Table B.1 in Appendix B. Using this representation, the
image of Fig. 3.22b is computed, yielding good agreement to the experimental
result of Fig. 3.22a.

Corresponding to the experiment, the higher Ae values are observed for the
y-axis providing a better visible signature. Thus in the regions of the embedded
inter-fiber crack larger Poisson contraction seems to occur, translating into lower
absolute y-strain values. The main differences between experimental and modeling
results are the waviness and position of the signature. The waviness may readily be
understood from the computed tomography images of Fig. 3.13 and is due to the
same preparation artifacts as previously described for fiber breakage. In the exper-
iment, the strain concentration seems to occur preferentially at the positions close to
the edge. This is also seen in the model result, yet the zone of highest strain
concentration was found to be smaller and the transition more continuous. Given
the geometric imperfections of the prepared inter-fiber crack it is thus likely that
this overrides the continuous transition of strain values as expected from the model
predictions.

3.3.2.2 Signatures of Artificial Defects

To investigate a broad range of possible configurations in unidirectional laminates,
variations of defect type, depth position, and size as shown in Fig. 3.23 are studied.
The positions of discontinuities represented by the embedded defects are marked as
colored lines in Fig. 3.23. All modeling results are compared to measurement
values of experimentally prepared artificial internal defects following the data
reduction strategy explained previously. For extraction of quantitative values
from the modeling results a different strategy was applied, since the data reduction
does not benefit from a statistical approach, given the model uses a numerically
convergent approach. Thus the extreme values of strain concentration may directly
be extracted from the model results at sufficient accuracy without further averaging.

To demonstrate the procedure, a typical result from a modeled fiber breakage
located at the 4th ply below surface is shown in Fig. 3.24. For each model, five
different dimensions have been tested. As indicated by the strain concentration in
close vicinity to the crack position, there is a clear visibility of the discontinuity. To
quantitatively interpret the modeling results, the following procedure was applied.
First, a cross-section line is drawn at the surface level of the specimen as indicated
in Fig. 3.24. The resulting evaluation of the x-strain and y-strain as function of
position along this line is shown in Fig. 3.25a, b, respectively.

Due to the presence of the reinforcements at the specimen ends and the applied
boundary conditions (cf. Fig. 3.17), there is a characteristic background deforma-
tion for the x-strain and the y-strain. The presence of the fiber breaks causes some
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Fig. 3.23 Depth configuration and orientation of defects to study strain concentration in unidi-
rectional materials for fiber breakage (a), inter-ply delamination (b) and inter-fiber failure in xz-
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readily visible indications, which are seen as spikes in Fig. 3.25a and as dips in
Fig. 3.25b. The strain concentration was evaluated as maximum height of the peak
relative to the strain average following (3.15). The cross-section line was chosen
according to the position of maximum strain concentration. The strain average was
obtained from the mean values of the cross-hatched area of the reference specimen
free of defects at the same stress level.

As first type of defects, the resultant strain concentration for fiber breakage is
evaluated. Figure 3.26 shows the A¢/o evaluated from the strain in x-direction for
the modeled cases of fiber breakage as solid rectangles. In addition, experimental
results are added to the same graph by open circles including their measurement
error as discussed above. The colors indicate the depth position below surface, with
the 1st ply being the surface ply. As seen from Fig. 3.26, the presence of fiber
breakage at the surface ply causes strain concentration of approximately equal
height. As long as the spatial resolution of the DIC system is sufficient to detect
the fiber breakage, this should still be valid even for smaller sizes than the 1.25 mm
investigated. For the model results there is even a small trend towards higher Ae for
smaller defect sizes. For instance, in Fig. 3.25a there is a zone of strain concentra-
tion at each edge of the modeled fiber break. When decreasing the size of the defect
these two individual regions of strain concentration merge into one larger signature.
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Fig. 3.24 x-component of strain field (a) and y-component of strain field (b) with presence of fiber
breakage of varying defect size buried at 4th ply below surface of laminate

This causes a noticeable increase for the detectable Ae in this case (Fig. 3.30a
shows a respective example for the case of inter-ply delamination).

The situation changes for fiber breakages covered by one or more intact plies,
i.e., the fiber breakage is located within the volume of the material and does not
reach the surface. For all depth positions studied herein, there is a general trend
from large to small lateral dimensions. In all cases, the strain concentration
decreases with decreasing defect dimensions. According to (3.14) the behavior as
function of defect size should obey a square root law, which is found to be
applicable in the present case and is shown as solid line fit to the modeled data in
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Fig. 3.25 Evaluation of x-strain (a) and y-strain (b) along cross-section line of Fig. 3.24

Fig. 3.26. The modeled data is supported well by the experimental data given the
measurement errors of the experimental data. Due to the implication discussed in
the model validation above, it is likely that not all experimentally prepared defects
conform with the nominal values used in Fig. 3.26. Especially for the smaller
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Fig. 3.26 Ac¢/o due to fiber breakage of varying defect size buried at several depths below surface
(based on [37])

defects, the preparation may easily cause a false orientation of the intended fracture
plane. Especially for the 2.5 mm fiber cut located in the 2nd ply such effects may be
the reason for the substantial deviation to the predicted trend. Furthermore, the
same size defect located in the 3rd ply agrees well with the model prediction and is
found at a similar level of strain concentration as the 2nd ply defect. The latter
contradicts the expected behavior as function of defect depth as will be discussed in
the following. Thus it may be speculated that the measured strain concentration
value of 2.5 mm at the 2nd ply might underestimate the real value for such
defect size.

For a constant defect size there is a distinct behavior expected as function of
defect depth. For defects buried deeper inside the material a respective decrease of
detectable strain concentration is expected at the surface level. As observed from
the trend in Fig. 3.26 for each defect size, this observation is found to be applicable.
To better quantify this decrease with defect depth, Fig. 3.27 shows the x-stress
component and the x-strain component in the xz-cross section of the model of a fiber
break with 10 mm extent in y-direction. The cross section is chosen at the center of
the crack, i.e., with 5 mm distance to each edge along the y-direction. As seen from
these cross sections, stress field and strain field exhibit very similar signatures,
which becomes even more apparent when computing a measure” of the local

2 Due to the anisotropy of the material and the Poisson’s contraction effect, a specific discussion of
the local stiffness response by means of the components 06/ Oe essentially yields the same result.
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Fig. 3.27 Zone of strain field (a), stress field (b), and local stiffness (¢) around modeled fiber
breakage of 10 mm size in y-direction plotted in xz-cross section at stress value of 694 MPa

stiffness response by evaluating o,/Ae, as seen in Fig. 3.27c. Except for the
expected locations close to the edges of the crack tip the stiffness response is
almost constant indicating the direct proportionality of stress and strain concentra-
tion. In particular, for the direction of highest strain concentration (indicated by
dashed lines in Fig. 3.27b) the stress—strain response is almost linear. Thus, the use
of a linear elastic fracture mechanics description seems applicable to discuss the
behavior of strain concentration. For an isotropic material the stress field around
such a mode I crack would decrease in x-direction o, as function of z-distance z to
the crack tip following

1
V2rz

oy =K - (3.16)
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Fig. 3.28 Change in A¢/c due to fiber breakage as function of defect depth with colors
corresponding to depth position (a) and respective scheme to quantify depth position of defect (b)

For the given case of an anisotropic material a similar relationship, may be
assumed which will give rise to a distinctly different stress-concentration factor
K;. However, this is expected to be a constant material property, which does not
inhibit the following discussion. As function of depth position z, the strain concen-
tration can thus be estimated to be proportional to the stress concentration. Conse-
quently, a decay of strain concentration Ae as function of z~'/2 is derived as first
order approximation from analytical theories.

Figure 3.28 presents the same data as Fig. 3.26, now plotted as function of defect
depth below surface. As measure of defect depth, the edge of the crack closest to the
surface is selected as indicated in the scheme of Fig. 3.27b (first ply is at z =0 mm).



94 3 Digital Image Correlation

As seen from the square root fit to the modeled data in Fig. 3.28a, the decrease of
Ae/o with defect depth is well described by the relationship Ae/c = A+Bz 12

using the fit parametersg and B. For better visibility, Fig. 3.28a shows only the fit of
the 5 mm size fiber cut, since the remaining fits essentially provide the same trend,
but almost superimpose in Fig. 3.28a. Thus the consideration regarding the general
trend described by (3.14) seems readily applicable for the case of fiber cuts studied
herein.

As second type of defects, the occurrence of inter-ply delamination was studied.
Figure 3.29 shows the strain concentration Ae/c evaluated from the strain in
x-direction for the modeled cases of inter-ply delamination as solid rectangles.
Experimental results are added to the same graph by open circles including their
measurement error. The colors indicate the depth position of the interface studied.

Although, inter-ply delamination in unidirectional materials may occur at arbi-
trary depth positions, the discretization steps taken for the analysis are chosen in
accordance with the interface positions of the plies used to build the laminate. This
is due to the experimental preparation of the artificial defects, since the ETFE
balloons may only be prepared between the individual plies. Thus the colors in
Fig. 3.29 indicate the interface location, i.e., ply 1-2 indicates the position between
Ist and 2nd ply. All defects are prepared inside the volume of the material, so there
is no defect, which extends to the surface. As consequence, all Ae values obey the
same trend as function of defect size following the square root law as given in
(3.14). However, the fit values used to obtain the lines of Fig. 3.29 return distinctly
different values than for fiber breakage. This is due to the geometric difference
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Fig. 3.29 A¢/o due to inter-ply delamination of varying defect size buried at several depths below
surface as strain concentration per GPa external stress (based on [37])
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between the modeled defects. Although the inter-ply delamination does produce a
noticeable strain concentration, the modeled waviness and its size along the x-axis
cause a distinctly different signature. As seen from the evaluation of the x-strain in
Fig. 3.30a for five different sizes of inter-ply delamination, the signature basically
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Fig. 3.30 Evaluation of x-strain along cross-section line according to Fig. 3.24 for depth position
1-2 (a) and evaluation of A¢/o as function of depth position (b)
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consists of two sharp strain peaks located at the edge of the delamination and a
plateau of increased strain values in between. Since the waviness is implemented
along the y-axis, there is no strain value modulation seen in Fig. 3.30a. For smaller
defect sizes the two peaks start to approach each other, merging into one signature
below 1.25 mm delamination size and thus possibly deviate from the square root
dependency of (3.14).

Plotting the data of Fig. 3.29 as function of defect depth below surface returns
the graphical representation shown in Fig. 3.30b. As defect depth position, the mean
depth with respect to the sinusoidal waviness amplitude was chosen which directly
corresponds to the position of the interface between the individual plies. For better
visibility only the fit for the 5 mm size delamination is shown in Fig. 3.30b as solid
line. Similar to the case study of fiber cuts above the trend of Ae/o as function of

defect depth is well captured by the relationship Ae/c = A +Bz'/2 The resulting

fit parameters A and B are characteristically different to the fiber cuts, which is
dominated by the absolute difference of Ae/o. Nevertheless, the overall trend
confirms the applicability of the abovementioned considerations regarding the
decay of Ae/o with z71/2,

As further defect type, the occurrence of inter-fiber failure has been investigated.
Since inter-fiber failure in the case of a unidirectional material is assumed to span
the full thickness of the laminate, the depth position is not varied for this case, i.e.,
the experimentally prepared and modeled defects always reach to the surface for
angles <90°. For the specific case of an inclination angle of 90° the defect is
oriented within the xy-plane with its fracture plane as seen in Fig. 3.23. This would
correspond to a delamination at the midplane of the laminate. The evaluation of
Ag/o as function of defect size and inclination angle is shown in Fig. 3.31 for the
cases of inclination angles of 0°,22.5°,45°, and 67.5° following the angle definition
given in the scheme of Fig. 3.23. For the angle 90° experimental data and modeled
data is added to the figure obtained from a respective delamination case. Evidently,
the observed behavior in Fig. 3.31 is distinctly different to the findings for fiber cuts
and delamination which requires some further discussion.

Based on the previous discussions, the value of A¢/o is influenced by the size of
the defect and the depth position. For the strain concentration as function of defect
size, Fig. 3.31 reveals opposing trends above and below the inclination of 45°. The
behavior observed at 67.5° and 90° clearly corresponds to the trend observed for
delamination obeying a square root law as function of size. At an inclination angle
of 45° almost no change as function of defect size is found. Above 45° the behavior
cannot be described by a square root dependency and Ag/o is instead found to
increase with decreasing defect size.

This is due to the definition of Ae in (3.15) using the absolute value of strain
concentration. For the cases above 45°, the highest Ae are obtained for the y-strain
values (€)conc higher than (g),,, in good agreement with the observations for
delamination. For inclination angles smaller than 45°, the highest Ae signatures
occur for (&)conc smaller than (&), as indicated in Fig. 3.32b. Thus, a turnover of
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Fig. 3.31 Ag¢/o due to inter-fiber cracks as function of varying defect size and inclination angles
(based on [37])

the behavior may be expected at an angle of 45° resulting in the almost constant
values as function of defect size.

To investigate this effect more precisely, the data of Fig. 3.31 is plotted as
function of inclination angle in Fig. 3.32. The strain signatures are best described by

acosine fitAe/o = A + B cos ((p — 5) of the 5 mm defect size using fit parameters

A , B , and C which is shown as solid line. This fit is found to describe the observed
dependency very well. Thus, the decay of strain concentration as function of angle
may readily be interpreted as sinusoidal change between the two extreme cases at
0° orientation and 90° orientation. The change in dimension of the embedded crack
is then translated into different amplitudes B.

3.3.3 Detectability of Defects Using DIC

Based on the results of Sects. 3.3.1 and 3.3.2, the purpose of this section is the
discussion of the proposed measurement routine for the application to evaluate
composite failure. Beyond the quantification of the strain concentration presented
in the previous section, this requires further considerations to be made. First,
the influence of measurement parameters and experimental issues intrinsic to the
measurement principle are discussed. Second, the predictive capabilities of the
presented modeling approach and the applicability to real defects are reviewed.
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Fig. 3.32 Evaluation of A¢/o as function of inclination angle (a) and regions for evaluation above
and below 45° (b)

Finally, the system limits of presently used 3D DIC systems are established and
compared to the experimental findings of Sect. 3.3.2 to assess the detectability limit
of the DIC method to spot buried defects.
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3.3.3.1 Experimental Parameters

For the experimental measurement of full-field strain distributions, several aspects
need to be considered when discussing signatures attributed to strain concentra-
tions. For the exemplary measurement in Fig. 3.33a at a mean strain of 0.44 % there
is an obvious gradient along the y-direction in the x-strain values. The origin of this
gradient can be manifold, starting with specimen imperfections, and bad bonding of
reinforcement tabs or wrong specimen alignment. In all cases, the consequence can
be a systematic variation of the resultant strain level as function of position. This is
not only bad for measurement of material properties, but also poses further chal-
lenges for the interpretation of strain concentration. In this context, the obtained
strain reference (¢),v, may need to be interpreted differently. To demonstrate this
effect, Fig. 3.33b shows a model result of the same 7.5 mm fiber breakage cases in
the 2nd and 3rd ply below surface with a superimposed gradient in the tensile force.
This change in loading conditions causes a visible strain gradient similar to the
experimental data. Nevertheless, the strain concentration due to the embedded
defects is still clearly visible for both cases. However, for application of (3.15)
the question of the correct interpretation of (€),y, arises. Since the load gradient is
balanced, the same strain average (g)ay, is calculated as for the case of Fig. 3.26.
Thus, for specimens with unbalanced strain gradients, the correct average strain
should be taken from the local neighborhood of the defect, since the strain concen-
tration relative to this reference will define the detectability.

Consequently, the occurrence of such strain gradients does not affect the general
possibilities to spot defects as strain concentration in full-field strain measurements.
Moreover, almost the same quantitative information may be extracted, if the strain
reference is taken from the local neighborhood for cases of inhomogeneous (global)
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Fig. 3.33 Experimental data of embedded fiber breaks exhibiting gradient in x-strain (a) and
corresponding model with embedded defects (b)
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Fig. 3.34 Dust particle artifact (a) and artifacts due to incorrect subset tracking (b)

strain fields. The latter is especially relevant for real structures, because these will
hardly exhibit equal strain values at all locations on the measured surface.

Another important effect to consider for measurement of strain concentrations
arises from the image correlation algorithm and the speckle pattern used for the
measurement. As seen in the images in Fig. 3.34, there are characteristic signatures,
which might readily be interpreted as local strain concentration.

There are various effects, which might cause a false computation of a local strain
value leading to characteristic artifacts:

. Dust particles on lens

. Incorrect subset tracking

. Corrupt speckle patterns

. Wrong choice of subset size relative to speckle pattern

RO R S

For the first effect, the principle of DIC explained in Sect. 3.2 may readily be
applied to understand the impact. If a dust particle sits on the camera objective or at
any other position included within the optical path of the system it may readily
cause a distortion of the optical beam path. This directly translates into a wrong
computation of the real strain value at the position of the dust particle within the
field of view. Consequently, the position of this artifact will not change during
the measurement, i.e., the position of the strain signature will be constant during the
measurement and will not move with the specimen during loading. Thus, the
position of the artifact within the image will be constant for the case of small
deformations. For larger deformations, its position may still start to displace, due to
the wrong reference image taken with the dust particle in place. As additional
source to generate similar artifacts in the strain field, the occurrence of dead pixels
on the camera chip may be named. In such cases, one or more pixels on the camera
chip are not operating with equivalent sensitivity compared to the remaining pixels
or do not operate at all. For some systems it is possible to eliminate such dead pixels
by calibration routines, but for systems without such elimination the recorded
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images have systematic deficiencies at the locations of dead pixels. The conse-
quence will be an erroneous computation of the strain values for those subsets
involving the dead pixels. Thus, the position of the artifact within the image will
stay at a constant position and will not move with the loaded specimen.

Another class of artifacts, which may readily be interpreted as strain concentra-
tion, are those due to incorrect subset tracking. As seen in the example of Fig. 3.34b,
this may cause two characteristic effects. If the subsets are not recovered by both
cameras in a 3D-DIC configuration, some software packages indicate this by
returning a distinctly different color in the image (white colored subsets in the
case shown in Fig. 3.34b). This marks subsets with obviously invalid strain values.
For high resolution measurements, spurious artifacts tend to appear as well. These
are found as characteristic pair of high and low strain values in the direct vicinity of
one subset. Their occurrence is sometimes not permanent and may vary in each step
of image correlation. This is most likely due to imperfections of the speckle pattern
causing incorrect subset tracking from image to image and, consequently, unreal-
istically high strain values.

Even more computation artifacts may occur, when a corrupt speckle pattern is
used. The definition of “corrupt” covers several aspects, all of them resulting in an
erroneous measurement of strain values. First of all, the speckle pattern may show
unintended variation of the particle sizes. For sprayed patterns this may typically
occur due to formation of larger drops or irregular particle distribution
(cf. Fig. 3.35a). Moreover, for speckle patterns which do not permanently stick to
the specimen the pattern might get harmed during handling of the specimen prior to
testing or during mounting of the specimen in a test machine (cf. Fig. 3.35b). For all
these cases, the speckle pattern no longer fulfills the quality required for the image
correlation process and the derived displacement vectors will suffer in accuracy to a
substantial extent. Consequently, the strain values calculated for such areas will not
provide sufficient precision to evaluate the small strain concentrations expected for
most of the defects studied in Sect. 3.3.2.

Another source for artifacts is the choice of subset size relative to the applied
speckle pattern particle distribution size. For the purpose of detection of failure

2.6mm 2.6mm

Fig. 3.35 Corrupt speckle pattern showing irregular particle distribution (a) and partially
destroyed speckle pattern (b)
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types as presented in Sect. 3.3.2 a sufficiently high spatial resolution is required to
spot smaller defect sizes. This relationship will be discussed in Sect. 3.3.3.3 in more
detail. However, a smaller subset size will give rise to several effects. Very small
subset sizes tend to generate unreliable strain values as seen for the subset size cases
of 10, 20, and 30 px seen in Fig. 3.36. Even for a perfect speckle pattern, this is

|
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Fig. 3.36 Influence of subset size and subset intersection on strain noise and visibility of strain
signatures for five embedded inter-fiber cracks of various dimensions
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owed to the fact that the image correlation process is based on a correlation
algorithm, which generally benefits from a larger number of data points to correlate
(cf. Sect. 3.2). Thus, subset values lower than 20 px need to be used with care when
interpreting the computed values. Furthermore, the stochastic pattern used for the
image correlation procedure needs to match the chosen subset size in order to avoid
erroneous computations. Clearly, if the speckle pattern exhibits additional inhomo-
geneity as discussed above, the local deviations will also give rise to artifacts,
which will appear more often for smaller subset sizes, even if the subset size is well
adopted to the global average.

3.3.3.2 Applicability of the Modeling Approach to Real Defects

As pointed out in Sect. 3.3.2, the artificial defects are prepared by means of
embedded foils or cut fibers. This naturally opens the discussion, whether or not
these defects are representative for real failure mechanisms as observed in
composites.

For the artificial fiber failure, the filaments are cut during the fabrication of the
laminate and thus a resin rich area is expected in between the position of the
filaments (cf. Fig. 3.11). This is an obvious difference to a real fiber failure,
where the space between the filament ends would be filled by a cavity. The
model uses an almost realistic assumption of broken filaments, since the thin elastic
layer is fully decoupled. As indicated in Sect. 3.3.2 the strain concentration
measured for the fiber cuts agrees reasonably well to the model predictions. Thus
the estimated values of Ae/o are expected to be also applicable for real fiber failure
cases. However, the general drawback for this prepared defect arises from the
lateral sizes investigated. For real laminates, the expected defect sizes for fiber
failure prior to ultimate failure are mostly in the order of few tens of micrometers.
This is due to the fact that clustering of only few fibers in immediate vicinity will
induce global failure of the respective ply [40, 41]. Since these defect sizes are
difficult to prepare by the experimental means of manual cutting, it is difficult to
evaluate smaller defect sizes experimentally. However, even for smaller sizes of
fiber failure than investigated experimentally the model predicts almost comparable
values of Ae/o. Given a reasonable dimension of fiber failure of a rectangular area
of 20 pm x 20 pm (i.e., approximately 5-9 fiber filaments, dependent on filament
diameter and fiber volume fraction) a corresponding model was evaluated to
provide a strain concentration of 0.06 % at 695 MPa. This is close to the system
accuracy as will be discussed below and, therefore, may be at the edge of
detectability.

For the case of delamination, the investigated defect sizes are quite realistic. The
main discrepancy to a real delamination originates from the use of an ETFE foil as
embedded balloon. Whilst this approach seems to provide a reasonable approxi-
mation at first, it does cause a substantial bias for the local strain concentration.
Figure 3.37 compares a computation result of the x-strain evaluated for a 10 mm
size delamination including the embedded ETFE foil as used for the validation in
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Fig. 3.37 Modeling result for inter-ply delamination at interface between Ist and 2nd ply with
embedded ETFE (a) and without (b)

Sect. 3.3.2 and without such a foil as expected for a real delamination. Given the
same color range of the x-strain in Fig. 3.37, the difference is quite obvious. Clearly,
the ETFE foil acts like an intermediate layer of reduced stiffness, causing high
strain concentration in the region of the embedded balloon. In comparison, the layer
modeled in Fig. 3.37b uses the same waviness as in Fig. 3.37a, but the out-of-plane
compressive stiffness of the layer is chosen to be compatible with the remaining
composite as expected for a real delamination. As consequence, the calculated
strain concentration drops from Ae = 0.108 % to Ae = 0.007 %. Clearly, this will
cause a substantial reduction of the possibilities to spot the occurrence of delami-
nation failure in real laminates regardless of their size.

Similar to the previous case, the dimensions of the artificial inter-fiber failure
defects studied in Sect. 3.3.2 are in a typical range as expected for real composites.
Again the main discrepancy to the real failure mode arises from the inclusion of a
thin PI foil to mimic the presence of an internally separated material. Although the
tensile and shear load transfer by this thin foil is negligible, it still provides an
artificial layer of low stiffness under compressive load. This local change in
compliance is responsible for the generation of the high transverse strain values
evaluated as strain concentration effect in Sect. 3.3.2. However, if there is no such
layer in a real specimen, the appearance of the inter-fiber crack will likely change.
Thus, in a tensile load scenario the model of an inter-fiber crack with identical
stiffness of the thin elastic layer as for the surrounding composite did not even
provide a strain signature exceeding the numerical noise level. However, since the
perfect orientation of such inter-fiber failure is quite unlikely, the result of a
computation with a minimal rotation of 2° around the z-axis is shown in
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Fig. 3.38 Modeling result for inter-fiber failure with 0° inclination angle and embedded PI (a) and
without PI, but additional rotation of 2° around z-axis (b)

Fig. 3.38b instead. As seen due to the same y-strain color range in Fig. 3.38, this
immediately yields a strain concentration signature of equivalent intensity as for the
embedded PI foil. Given the typical deviations of the inter-fiber crack orientations
in a real laminate it may thus be assumed that this type of failure is readily visible
by means of 3D DIC observations. For the macroscopically visible crack shown in
Fig. 3.52 in Sect. 3.4, this finding may also be directly concluded from visual
observations during the measurement.

However, more interesting applications arise for those inter-fiber cracks not
reaching the surface since this inhibits a direct visual monitoring of their occur-
rence. As seen in the measurements of the x-strain field of a multi-axial laminate in
Fig. 3.39 characteristic strain concentrations aligned with the ply directions (45°
and 90°) indicate the occurrence of inter-fiber failure in these layers. Thus it may be
concluded from modeling and experiment that the observation of inter-fiber failure
should generally be possible given the system accuracy is sufficient as will be
discussed in the next section.

3.3.3.3 Limitations Due to System Accuracy
So far, some first limitations of the experimental measurement technologies were

presented and the visibility of defects was mostly discussed in terms of modeling
results. However, the modeling results come with zero background noise and
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Fig. 3.39 Experimental tensile tests showing clear signatures of inter-fiber cracks of 45° and 90°
orientation to load-axis (x-direction)

neglects aperture effects which arise due to the experimentally used subset sizes.
Thus, the final step to judge on the detectability of specific failure mechanisms
consists in the assessment of limitations of the measurement system. To this end,
there are two essential influences to account for. First, the detectability will be
discussed in terms of the detectable strain concentration Ae relative to the back-
ground noise. Second, the aperture effect given by the subset size will be evaluated
to establish the limit of spatial resolution of the system.

With reference to system accuracy, the measurement equipment needs to detect
very small local increases of strain concentration Ae¢ relative to surrounding areas.
The absolute limit of detectability may be defined in terms of the values (e)avg A
() avg and () o £ Ale)
global average strain value A(g),y, and the local strain value A(€)conc-

Detectability of a signature is then defined as

conc taking into account the measurement uncertainty of the

(Eeone — ((Eavg + AlE)conc + AlE)yyg ) >0 (3.17)

The average value of (&)conc thus needs to be larger than the value of (&) ,y, plus the
uncertainties of both strain measurements A(€),y, and A(€)conc. This definition
assumes the validity of (3.15), i.€., (€) onc > (€),y, NE€As to be generally applicable.

The overall strain concentration Ae will determine the absolute detectability of a
failure mechanism. If the strain concentration values get small, the detectability
will be mostly limited by the uncertainty A(g),., (cf. Fig. 3.40).

However, given the investigation in Sect. 3.3.2 it is evident that the strain
concentration may be approximated using a linear elastic material behavior. Con-
sequently, the absolute value of Ae will scale linearly with the applied stress.
Hence, defects which fall below the detection limit at low load levels may readily

conc
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Fig. 3.40 Comparison of evaluated strain values as function of subset size for two lenses (a) and
corresponding full-field measurement showing the strain concentration close to the measured fiber
cut (b) (in part based on [37])

be visible at higher load levels, since the values of A(€),y, and A(g)conc Were not
found to increase with the applied stress.

For the experimental investigation of Sect. 3.3.2, the settings according to
Table 3.1 allow an estimate of the absolute strain limit based on Fig. 3.40. Given
the subset size of 21 px and the resolution of 0.0136 mm/px the minimum value of
Ae to be detected may be estimated based on the uncertainty of A(g),,, =0.029 %
and A(€)conc = 0.023 % and therefore evaluates as Ae = 0.052 %.
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The spatial resolution of the measured strain field is determined by the camera
resolution and the choice of subset parameters. The camera resolution first of all
depends on the pixel density of the camera sensor and the measurement distance to
the object. Due to the fact that modern cameras already provide 5-50 Megapixels
on their camera chips, an increase of pixel density by one order of magnitude is not
readily expected. Except for some specific fields of applications like astronomy,
there is no strong market requirement driving a development towards larger pixel
densities.

For a particular system a direct benefit towards higher spatial resolution may
thus be obtained by an increase of the magnification factor. Given the general laws
of optics as introduced in Sect. 3.1 an increased magnification at constant detector
size comes with the drawback of decreased field of view. So for experimental work
using 3D DIC, the following discussion will be limited to object sizes of reasonable
extent, i.e., in the range of typical laboratory size specimens.

To demonstrate the effect of the magnification factor on the system accuracy,
Fig. 3.40a provides a comparison of measurements of a fiber cut monitored by the
same DIC system using a 50 mm lens and a 100 mm lens. The respective magni-
fication factors correspond to 0.0291 and 0.0136 mm/px, respectively. For this
study, the size of the chosen subsets dgupser Was systematically varied keeping the
intersection of subsets at approximately 50 %. To allow direct comparison of both
lenses, subset size values are reported as metric values instead of pixels. Whilst the
global strain average (g)ay, is almost unaffected by the changed lens for all subset
sizes, a distinct change in the values of local strain (&).onc is observed for subset
sizes of lengths <0.6 mm. This is caused by the increased spatial resolution
provided by the 100 mm lens.

However, the findings shown in Fig. 3.40 indicate that the spatial resolution of
the strain field is also the result of the size of the chosen subsets and thus will add to
the ability to detect smaller defects. As discussed previously, the intuitive assump-
tion is that smaller subset sizes will provide better spatial resolution and, therefore,
detectability. However, a decrease of subset size comes with the price of increased
artifacts and less stable strain values. As consequence, an optimum trade-off
between the accuracy of the strain value and the spatial resolution is required.

This relationship is already visible in Fig. 3.40a and is indicated by the decreas-
ing uncertainty A(e),y, as function of subset size. Thus it is not advisable to go
below a certain subset size in pixels. For the 50 mm lens a subset length of 0.6 mm
and for the 100 mm lens a subset size of 0.25 mm may thus be used as a proper
choice.

Since some systems average the local strain value by usage of neighboring
subsets, an additional aperture effect needs to be considered for the strain evalua-
tion. As seen in the schema in Fig. 3.41a, the strain value at a certain subset position
is evaluated from the average of a local neighborhood (a 3 x 3 neighborhood with
50 % intersection in this example). Therefore, assuming a typical Gaussian weight
function, the spatial resolution of the system may be estimated from the half-width
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Fig. 3.41 Schema to evaluate spatial relation of subsets (a) and evaluated strain values as function
of subset intersection for example of Fig. 3.40 (b) (in part based on [37])

at half-height. The evaluation of the strain value at the position of the embedded
fiber cut shown in Fig. 3.41b clearly reveals the importance of this contribution to
the visibility of the defect. As function of subset intersection the global strain value
(€)avg is not affected much, but the local strain value (g)con. undergoes an almost
linear increase from 0 to 95 % subset intersection. This is due to the highly localized
strain concentration observed for this case and thus provides an improvement in
detectability by a factor of two. Therefore an increase in subset intersection
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constitutes the better approach to improve spatial resolution as compared to a
decrease of subset size. For the limit of intersection approaching 100 % the size
of the single subset starts to dominate the measurement again. Consequently, the
subset size will constitute the absolute limit in terms of spatial resolution, i.e., the
minimum size d,,. of a strain concentration, which can be detected may be
approximated for a quadratic subset size dg,pse; aS:

dconc > \/Edsubset (3 18)

However, the computation of full-field strain values with small subset sizes and
high intersection values approaches the limits of presently available computation
capacities. As more realistic estimate, one may thus instead consider an intersection
of approximately 50 % leading to a modification of (3.18) by accounting fora 3 x 3
neighborhood according to the scheme in Fig. 3.41a:

dconc > 2\/Edsubset (319)

For the type of high-resolution system ARAMIS 12 M used in the study in
Sect. 3.3.2 the subset size of 21 pixels corresponds to a physical length of
0.29 mm, which turns into an expected lower limit for defect visibility of 0.81 mm.

Combining the limitations with respect to detectability given by (3.17) and
(3.19), some final conclusions can be obtained.

Due to the spatial resolution of presently available systems, it will be difficult to
detect strain concentrations as indications in the range of one millimeter or below.
This does not necessarily imply that smaller defects may not be visible, since the
size of the strain concentrations does typically exceed the physical size of the defect
by at least a factor of two (cf. Figs. 3.20, 3.21, and 3.22). Therefore many failure
types occurring in fiber reinforced composites may be sufficiently resolved.

A more critical parameter for the visibility of a buried defect the visible strain
concentration value at the surface of the material was evaluated. The present
approach using leading edge image correlation algorithms is at the limit of detect-
ability when considering the small strain concentrations expected for some of the
smaller size failure mechanisms. Especially for the case of delamination, a low
expectation for detectability is given by the low values of strain concentration. For
such cases, the use of shearography as described, i.e., in ASTM E 2581 was found to
be much more sensitive [42—45]. However, large size defects will cause noticeable
strain concentration values and can therefore be used as valuable tool to monitor the
occurrence of failure in composites as will be presented in Sect. 3.4. Another
natural extension of the presented approach considers the use of digital volume
correlation to evaluate strain fields not at the surface of a composite material, but on
the inside as will be demonstrated in Sect. 6.4.
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3.4 Application to Composites

As discussed in Sect. 3.3 the possibility to detect the occurrence of particular
defects in composite materials is a question of the spatial resolution of the measured
strain field as well as the depth position of occurrence. In this section, some
traditional fields of application for DIC during testing of composites and some
new developments are presented to apply DIC for evaluation of material properties
of composite materials.

3.4.1 DIC as Optical Extensometer

One of the traditional fields of application for DIC is the replacement of strain gages
or mechanical extensometers in mechanical testing. Several drawbacks associated
with the use of strain gages are well known and are found in standard literature (i.e.,
[46]):

e There is always a mismatch of thermal expansion coefficients at least in one
direction. Since the outermost layer usually has anisotropic thermal properties,
changes of temperature during testing may have substantial impact on the
measurement accuracy.

» The high strain levels sometimes reached in fiber reinforced materials may cause
preliminary failure of the strain gage due to overstraining.

¢ Another factor is the possible interaction between periodic structures of the
composite (e.g., woven fabric) and the grid length, causing error-prone
measurements.

» The long-term stability during creep or fatigue experiments are well-known
challenges for strain gages as well.

« For extensometers, knife edges may act as stress concentrators causing prelim-
inary failure at the mounting positions.

On the positive side, strain gages and extensometers benefit from a long tradition
in mechanical testing, which is accompanied by well-developed technical equip-
ment and skilled personnel.

Some of the possibilities of optical measurement techniques were already
presented in Chap. 2.4 demonstrating the selection of appropriate regions to derive
mechanical properties. In this context it is worth noting that the accuracy of 3D-DIC
methods has nowadays reached the same level as strain gages [ 1, 47-50]. Moreover,
the evaluation of the full strain field allows distinguishing between global strains
(corresponding to strain gage values) and local strains (as caused by the presence of
strain concentrators). Measurement of the full set of material properties as required
by the advanced failure criteria presented in Sect. 2.3 requires a comprehensive
amount of material testing. In the following, some examples are presented how DIC
techniques can be used to obtain material properties of composites.


http://dx.doi.org/10.1007/978-3-319-30954-5_2
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areal evaluation

line evaluation
point evaluation

Fig. 3.42 Drawing of typical tensile test specimen and scheme of possible strain component
evaluations using DIC

Since the measurement by DIC results in full-field information of the strain
components of the material under test, there is a variety of possibilities for offline
analysis. As schematically shown in Fig. 3.42 the computed strain components can
be evaluated, e.g., at specific points or averaged along lines or areas of interest.
Using areal or line evaluations strain components may also be visualized based on
their position to yield results as seen in Fig. 3.25 or Fig. 3.19.

3.4.1.1 Tensile Testing of Unidirectional Fiber Reinforced Polymers

As a basic example for characterization of composites, the tensile test specimen and
the measurement result of a unidirectional fiber reinforced polymer tested with fiber
orientation in parallel to the load axis is shown in Fig. 3.43. For that purpose
standard specimen types as required by DIN EN ISO 527-5, DIN EN 2561, or
similar standards are used. The speckle pattern is applied to the surface of the test
specimen as shown in Fig. 3.43. To produce the speckle pattern, a white base coat
with subsequent application of a black spray pattern has proven to be useful for
materials characterization of composites. The opposite approach using a white
pattern directly applied on the naturally black color of carbon fiber reinforced
composites does not provide equivalent results due to the opaqueness of the outer
surface. Thus a well-defined background such as given by the white base coating is
the best choice for a good signal-to-noise ratio of the measurement. In application
to composites, the quality of the surface finish can be expected to have an impact on
the measurement signal. Due to the rough residues of peel-plies as compared to a
smooth finish from tooling surfaces different surface roughness values are found in
practice. Comparative measurements of surfaces with peel-ply residues and
surfaces subject to subsequent machining did not reveal substantial differences in
the measured absolute strain values. However, slight differences were found in the
width of the strain distribution (i.e., the scatter around the absolute value) within the
same area used for averaging.
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Fig. 3.43 Drawing of specimen used for tensile testing and exemplary stress—strain curve to

evaluate modulus (a) and exemplary diagram of axial and transverse strain (b) to evaluate
Poisson’s ratio v,

As exemplary evaluation, strain values in parallel to the fiber axis and perpen-
dicular to the fiber axis are averaged in the marked area and are used to evaluate the
modulus and the Poisson’s ratio v, as shown in Fig. 3.43.

For tensile testing perpendicular to the fiber axis 3D-DIC can be used to measure
the transverse modulus and the Poisson’s ratio v, or the Poisson’s ratio v,3. For the
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evaluation area fiber orientation
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Fig. 3.44 Position of speckle pattern used to measure values for transverse modulus and Poisson’s
ratio v, (fop) and the Poisson’s ratio v,3 (bottom) including evaluation area

measurement, standard specimens in accordance with DIN-EN-ISO 527-5, DIN EN
2597, or similar standards are used. As seen for the specimen configuration in
Fig. 3.44, a speckle pattern can be applied to the flat side of the laminate to measure
the Poisson’s ratio v,;. Applying a speckle pattern to the thin side of the laminate
allows to measure the Poisson’s ratio v,3 (cf. Fig. 3.44 bottom). This measurement
is particularly relevant to establish the 3D elasticity tensor of a unidirectional fiber
reinforced polymer. For measurement of strain fields on the thin side of the laminate
a sufficiently high resolution of the subset regions across the 2 mm thickness
direction is required to avoid influences of the free edges. Therefore the averaging
area chosen slightly offset to the side surfaces, so a border of approximately the size
of the plate thickness is neglected for the averaging procedure.

An exemplary configuration for the 3D-DIC setup used for such measurements is
given in Table 3.2. To derive the global strain field, the given resolution is
comparatively high. As shown in [1] lower resolutions will still yield comparable
results to conventional extensometers.

3.4.1.2 Compressive Testing of Unidirectional Fiber Reinforced
Polymers

Similar in concept to tensile testing, evaluation of the strain field in compression
testing as function of the fiber orientation and side surface allows measuring the
Poisson’s ratios v1,, 013, V21, and v,3. It is worth noting that the Poisson ratio’s v;3
and v,3 are usually not measured in experimental setups according to ASTM D
6641, DIN EN 2850, DIN EN ISO 14126, or similar standards. As seen in Fig. 3.45,
the specimen types correspond to the respective standards and the speckle pattern is
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Fig. 3.45 Drawing of specimen used for compressive testing and exemplary stress—strain curve to
evaluate transverse modulus (a) and exemplary diagram of axial and transverse strain to measure
Poisson’s ratio v,3 (b)

applied to the respective surfaces of the specimen as described before. An exem-
plary stress—strain curve to obtain the transverse compressive modulus and a plot of
axial and transverse strain to obtain the Poisson’s ratio v,3 is shown at the bottom of
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Table 3.3 Acquisition settings of DIC system for compression tests of unidirectional fiber
reinforced composites

Measurement setup | Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 2.8/50 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°
Filter Polarization-filter Schneider-Kreuznach
Field of view (103.4 x 77.4) mm?

Scale factor 0.025 mm/px

Subset size 19 x 19 pixel

Acquisition rate 2 Hz

Software ARAMIS

Configuration 3D

Fig. 3.45. In this test configuration it is highly recommended to use 3D-DIC
measurements instead of 2D-DIC measurements. The reason for this recommenda-
tion is the strong tendency of fiber reinforced polymers to show unintended
buckling modes during compressive loading, which might cause substantial out-
of-plane motion with respect to the focal plane of the camera system. This could
cause potentially high errors in 2D-DIC measurements. At the same time, some of
the established standards involve some monitoring of the specimen buckling.
ASTM D 6641 requires measurement of the deformation values using two strain
gages mounted on each of the two specimen sides. If more than 10 % deviation
between the deformations of the two strain gages is observed, the test results are
rejected. Similar measurements can be performed using 3D-DIC and can be used to
assure, the specimen has failed under acceptable compressive strain states. Typical
DIC configurations confirm with those given in Table 3.3. In comparison to the
tensile test the main difference is the smaller area used for extraction of the strain
field. Therefore, a fine speckle pattern and higher resolution in px/mm is required
for these measurements.

3.4.1.3 V-Notched Rail Shear Testing of Unidirectional Fiber
Reinforced Polymers

Another reasonable application for full strain field measurements is to assure
specific strain conditions during testing. Especially for testing under shear loading
there is a long history in development of test rigs suitable for producing constant
shear stress as recently reviewed by [51, 52]. One of the key requirements for
unidirectional fiber reinforced polymers is the homogeneity of the produced shear
stress field. While this can be achieved with various rail shear test fixtures, the usage
of bolts to fix the specimen often induced preliminary failure. The test concept
favored by ASTM D 7078 uses a combination of a rail-shear type movement and
Tosipescu-type notch geometry to induce a zone of theoretically pure shear stress in
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Speckle pattern averaging ’ strain gages
Fig. 3.46 Speckle pattern position in V-Notched rail shear configuration (leff) and strain gage

positions with averaging area for DIC measurements marked in red (right)

Table 3.4 Acquisition settings of DIC system for V-notched rail shear tests of unidirectional fiber
reinforced composites

Measurement setup | Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096x3072 pixels
Lenses Titanar, focal length 2.8/50 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°

Filter Polarization-filter Schneider-Kreuznach

Field of view

(81.9 x 61.4) mm*

Scale factor 0.02 mm/px

Subset size 19 x 17 pixel square
Acquisition rate 2 Hz

Software ARAMIS
Configuration 3D

the region between the notches. However, the standard recommends measurement
of the shear strain value in the center of the specimen using two strain gages
mounted in £45° orientation relative to the vertical direction. The resulting mea-
surement of the strain values is likely error-prone if the shear stress zone is not as
sharp as theoretically expected. Figure 3.47 shows a comparison between two
specimens of the same unidirectional fiber reinforced polymer with fiber orientation
in parallel to the movement of the fixture (vertical direction in Fig. 3.46) measured
using the DIC setup given in Table 3.4.

Whereas one specimen shows a rather undefined shear strain field (specimen A),
the other specimen exhibits a sharp concentration of the shear strain field as
expected from theory (specimen B). Failure in specimen A occurs preliminary
due to crack initiation offset to the notch position, which is likely due to defects
present at that position. If the shear strain is evaluated at the marked position, the
resulting stress—strain curves shown in Fig. 3.47 are also falsified by this shear
strain field. Therefore, direct DIC observation of the strain field can be used as
additional factor to judge on the validity of the measurement.
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Fig. 3.47 Measured stress—strain curve for V-notched rail shear specimens including shear strain
field for two different specimens at a shear strain of 4 %

3.4.2 Detection of Failure Onsets

In the context of fracture mechanics, the detection of first failure onsets is usually of
huge relevance to obtain fracture toughness values for composite materials. Espe-
cially for brittle matrix materials such as epoxy, the first onset of crack growth is
often used to deduce the critical fracture toughness value as relevant material
property. For more ductile matrix materials such as some thermoplastic polymers,
some of the established experimental setups in fracture mechanics may fail in their
concept or in their interpretation. In the following some examples of test standards
are presented to demonstrate these challenges. Therefore, using the detection of the
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full strain field during loading, the central aim in the next applications is not the
quantitative measurement of the strain field or the replacement of strain gages, but
the correct interpretation of the strain concentration shortly before and after crack
growth. This is somewhat different to approaches to quantitatively measure the
strain field around crack tips to directly calculate the J-integral values during crack
growth [1].

3.4.2.1 Short-Beam Shear Tests

One example of configurations being used frequently in composites testing is the
short-beam shear test. Although this test configuration is not meant to measure a
true material property relevant to fracture mechanics, it still is a well-suited method
being used in quality assurance and screening of materials. In the experiment the
load is applied at the center of the specimen utilizing a load nose midways between
the supports (cf. Fig. 3.48).

The apparent interlaminar shear strength value 7y g5 is related to the onset of
delamination under shear forces parallel to the layers of the laminate and is
calculated by

3Fonset
TILSS = 4bh

(3.20)

using the load at the moment of delamination onset F',(, the width of the specimen
b, and the thickness of the specimen 4.

During the test, samples are loaded with a constant displacement rate of the
loading nose of 1 mm/min and at the same time the speckle pattern on the side
surface of the specimens was monitored by 3D-DIC techniques as seen in Fig. 3.49
using the parameters given in Table 3.5.

As shown for the image in Fig. 3.49, sudden increase of the shear angle in
positive and negative direction indicates interlaminar failure at the center plane.
The first signature in the measured load—displacement curve coincides with the
delamination onset. With delamination onset (and growth), the load drops to a
lower value. As the bending stiffness of the specimen is reduced, the slope of the
force—displacement curve decreases after delamination onset. Usually further load
drops can be observed when loading the specimen further. Although this observa-
tion does seem trivial, the usual procedure recommended in standards ISO 14130,

Fig. 3.48 Schema of short
beam shear test
configuration including
speckle pattern position

load nose

. — Speckle pattern

supports
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Fig. 3.49 Force—displacement curve including DIC image at onset of interlaminar crack growth
with false-color indicating shear angle. First onset is marked in red in force—displacement curve

Table 3.5 Acquisition settings of DIC system for short beam shear tests

Measurement setup

Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 2.8/50 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°

Filter Polarization-filter Schneider-Kreuznach

Subset size

11 x 8 pixel square

Acquisition rate 1 Hz
Software ARAMIS
Configuration 2D

ASTM D 2344, DIN EN 2377, and DIN EN 2563 is the usage of the force maximum
of the curve as value of F,... This systematically overestimates the apparent
interlaminar shear strength for the present example by 4.9 %. Also, ductile matrix
materials often show substantial deviations to the sequence of damage expected by
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Fig. 3.50 Schema of ENF test configuration including speckle pattern position

the test standards and therefore cannot be interpreted based solely on load—dis-
placement curves. For such cases, the DIC measurements are a suitable alternative
to securely assign signatures in the load—displacement profile to the occurrence of
interlaminar failure [38].

3.4.2.2 End-Notched Flexure Tests

Another typical test configuration used in fracture mechanics of fiber reinforced
composites is the end-notched flexure (ENF) test as seen in Fig. 3.50. The aim of the
test is to initiate an interlaminar crack under a mode II load situation. Although
there is an ongoing discussion if this test configuration does produce a pure mode II
load situation [53, 54], it is used here as another representative example for
measurement of material properties utilizing DIC techniques.

Conceptually similar to the interpretation of the short-beam shear test, the ENF
test uses the force value F . at the onset of interlaminar crack growth to derive the
critical mode II fracture toughness according to

3mCFOI'lSC za 2
Gre = T“’ (3.21)

This uses the initial crack length a, the width of the specimen b, and a compliance
calibration factor m, for the specimen evaluated prior to testing. Therefore, the only
critical parameter to obtain during the final test procedure is the value of F et

To demonstrate the usage of DIC in this context, ENF tests were carried out
using a layup consisting of 16 layers of Sigrafil CE1250-230-39 unidirectional
epoxy-based prepreg with a pre-crack prepared at the interface at the midplane.
Samples of 170 mm length, 25 mm width, and 3.6 mm thickness were cut from the
cured plate. Simultaneously, images were recorded for DIC following the param-
eters reported in Table 3.6.

As seen for the example in Fig. 3.51, the force—displacement curve is straight-
forward to interpret in accordance with existing standards. Indicated by the two
subsequent DIC images at the time of maximum force, the first load drop is clearly
associated with the onset of interlaminar crack growth. However, for some cases it



Table 3.6 Acquisition settings of DIC system for ENF tests

Measurement setup

Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 2.8/50 mm
Lighting KSP 0495-0001A LED 20 W/24 V white 30°
Filter Polarization-filter Schneider-Kreuznach
Subset size 11 x 11 pixel
Acquisition rate 1 Hz
Software ARAMIS
Configuration 2D
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Fig. 3.51 Force—displacement curve including two DIC images before and after onset of
interlaminar crack growth with false-color indicating shear angle. Onset of crack growth is marked
in red in force—displacement curve
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Fig. 3.52 Force—displacement curve including two DIC images before and after onset of
interlaminar crack growth with false-color indicating shear angle. Onset of crack growth is marked
in red in force—displacement curve

is harder to determine the correct onset of crack growth as shown in the second
example of a unidirectional laminate in Fig. 3.52. Here the change of slope in the
load—displacement curve indicates a change in the material, but is hard to evaluate
in quantitative terms. The DIC images clearly reveal the onset of crack growth at
the position marked in the load—displacement curve. For this example the onset of
interlaminar crack growth was found to precede the force maximum. Therefore the
evaluation according to common test standards would overestimate the onset load
by 6.3 %, while the combination with DIC allows for evaluation of a more relevant
and conservative load level.
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3.4.3 Detectability of Failure Mechanisms

In Sect. 3.3 it was demonstrated that certain types of defects in fiber reinforced
materials can be found by DIC. However, these investigations were limited to
artificial defects as strain concentrators. In the following, some results are presented
for tensile loading of carbon fiber reinforced materials monitored by 3D-DIC with
parameters as given in Table 3.2. Tensile tests on unidirectional fiber reinforced
polymers were carried out in accordance with DIN EN 2561. As shown in the
sequence of images in Fig. 3.53, it is easy to spot macroscopic crack growth in the
DIC images due to the local decrease of the 2nd principal strain. In this tensile test
parallel to the fiber axis, such crack growth is not intended prior to ultimate failure,
since such splicing significantly affects the stress distribution in the cross section of
the test specimen. Hence ultimate failure below the real material strength is quite
likely. In this context, DIC imaging can act as indicator to spot such failure modes
long before (i.e., at & 4ys = 0.30 %) the ultimate rupture strain of 1.30 % for the
present example. In comparison to DIC, the detection of such crack growth by
conventional optical methods suffers from the weak perceptibility of inter-fiber
cracks in carbon fiber reinforced materials. However, the detection of this type of
crack is trivial by DIC, since the inter-fiber cracks typically span the whole

2" principal strain
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Fig. 3.53 Strain field of 2nd principal strain at various load levels indicated by the strain averaged
over the full area seen €. ,,,. Growth of inter-fiber crack parallel to fiber axis is clearly seen by
presence of areas with strain values < 0
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Fig. 3.54 Optical microscopy results for [0/90;]s,m stacking sequence of GFRP. Crack growth in
the 90° layers at three different load levels is seen well due to the change in reflectivity of the crack
surface

Table 3.7 Acquisition settings of DIC system for tensile tests on [0/90], fiber reinforced

composites

Measurement setup

Value

Camera Toshiba CMOS camera CSC12M25BMP19-01B with 4096 x 3072 pixels
Lenses Titanar, focal length 2.8/50 mm

Lighting KSP 0495-0001A LED 20 W/24 V white 30°

Filter Polarization-filter Schneider-Kreuznach

Field of view (107.4 x 82.1) mm?

Scale factor 0.026 mm/px

Subset size 30 x 20 pixel square

Acquisition rate 1Hz

Software ARAMIS

Configuration 3D

thickness of the unidirectional laminate in this load situation. Therefore the crack is
also at the surface level, which is a situation easy to detect by DIC as discussed in
Sect. 3.3.

As discussed in Sect. 3.3, the detectability of failure types below the first ply or
even deeper below the surface of a laminate is much more challenging than the
previous example. For glass fiber reinforced materials the optically transparent
fibers and matrix systems allow a direct observation of inter-fiber cracks in the
plies 90° to the load axis. This is shown in exemplary microscopy investigations in
Fig. 3.54. With increasing load, an increasing number of inter-fiber cracks can be
observed due to the change in optical reflectivity of the crack surface. For carbon
fiber reinforced materials, such direct observation is not possible. Therefore DIC
can be used as suitable alternative.

To this end tensile tests of an [0/90],,m, stacking of an epoxy prepreg system
were monitored using the DIC parameters given in Table 3.7. As shown in the
sequence of images in Fig. 3.55, the formation of cracks in the 90° plies is clearly
observed by the strain concentrations transverse to the load axis (vertical direction
in Fig. 3.55). In this case, the visibility originates from the increase in z-strain
values at the surface level, i.e., in the 0° layer. Due to the presence of the inter-fiber
crack below this surface layer an increased stress exposure occurs in the 0° layers,
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Fig. 3.55 Strain field of strain in z-axis at various load levels indicated by the strain averaged over
the full area seen &,,,. Growth of inter-fiber cracks in the 90° layers is clearly seen by the presence
of areas of increased strain values

which translates into a local increase of strain. However, the appearance of these
cracks is smoother than for optical imaging. This is due to the resolution of the
subsets used in DIC and the smearing of the strain field throughout the surface ply.
Therefore detectability of such cracks is limited to the outermost plies as discussed
in Sect. 3.3. Moreover, the onset of inter-ply delamination at the crack tip further
reduces the strain concentration and therefore may reduce the visibility of the
existing crack.
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Chapter 4
Acoustic Emission

Acoustic emission (AE) analysis is about the detection and interpretation of
ultrasonic waves caused by rapid internal displacements. In the context used herein,
the formation and propagation of cracks in fiber reinforced materials are understood
as the most relevant acoustic emission source. This acoustic emission source is
generally described as spatial crack surface oscillation [1, 2]. During propagation of
the emitted acoustic wave, the characteristics of the signal (e.g., frequency content)
suffer from attenuation, dispersion, and propagation in guiding media. In addition,
the characteristics of the signals detected at the surface of the solid are further
altered by the detection process using piezoelectric sensors.

This chapter starts with a short introduction to the principle of operation followed
by a sequential review on the acoustic emission source, aspects of wave propagation
in guided media, and the signal detection process. Subsequently, signal classifica-
tion techniques and source localization algorithms are discussed with a particular
focus on recent developments. The chapter closes with some applications of acous-
tic emission as in situ technique to monitor failure of fiber reinforced composites.

4.1 Principle of Operation

AE signals originate from sudden microscopic displacements inside solid media.
One major source for AE in fiber reinforced materials is the initiation and growth of
damage. Microscopically this relates to the generation and propagation of cracks
inside the matrix material, along the interface between matrix and fiber or the
rupture of the fiber filaments. Another relevant AE source found in fiber reinforced
polymers is friction of existent crack walls, which is frequently encountered in
unloading and reloading of damaged composites. In any case, in situ monitoring by
AE sensors on the structure under loading can identify active areas in the composite
and can identify their time of occurrence. In the past, the detection of AE signals
and the according interpretation has led to a variety of approaches and analysis
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Fig. 4.1 Analysis methods to use with AE signals and AE signal prediction as forward approach

methods. One possibility to categorize the potential of AE analysis techniques is
shown in Fig. 4.1. Starting with the detected AE signals, a first distinction can be
made between counting the AE activity, localizing the AE source position, and
identifying classes of AE signals. If carried out successfully, this yields the amount
of damage, the position of the damage zone, and the type of damage. Thus, the
combination of these three types of information can yield valuable information for
the interpretation of failure of fiber reinforced composites. The application of AE to
this intent is not essentially new and has seen substantial development in the past
decades. A good review on the present status in this field can be found in, e.g., [3]
for the work until 2000 or in [4] for the ongoing research since 2000.

For the analysis options illustrated in Fig. 4.1, counting the number of signals is
considered to be a standard technique in AE analysis since this is already inherent to
the detection of the AE signals. However, the counting of the signals is associated
with an uncertainty, given by the probability of detection (PoD).

The localization of source positions is already well established but comes with
additional challenges, when acoustically anisotropic and inhomogeneous media
like fiber reinforced polymers are considered [5]. Established localization tech-
niques can yield useful source positions in laboratory size fiber reinforced polymer
specimens. However, their application in realistic structures including hybrid joints
or multi-material combinations is still challenging; therefore, every calculated
source location is subject to an uncertainty of location (UoL).

The identification of a particular type of damage in fiber reinforced polymers has
seen several substantial advancements in the last two decades. For discussion of this
analysis method, it is suitable to distinguish between signal classification and
source identification. The first task is the grouping of signals based on their
similarity relative to each other. This is often achieved by analysis of signal
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features, i.e., parameters calculated from the detected signals. The methods to
group AE signals range from very simple approaches comprising discrete feature
values to automated or semiautomated pattern recognition strategies. However,
every classification result is subject to uncertainty of the assignment of the signals
to a particular group. This is named uncertainty of classification (UoC).

After grouping of the signals, the second task is the assignment of one group of
signals to a particular source mechanism. This is typically done by phenomenolog-
ical observations [6], by comparative measurement of test specimens with known
types of AE sources [7, 8] or subsequent microscopy [9]. Recent advances also
allow the forward prediction of the emitted AE signal of a specific source type by
analytical methods [10] or finite element modeling (FEM) [11-13].

As shown in Fig. 4.1, the possibility to predict the AE signal of a known type of
failure is key to establish traceable acoustic emission analysis techniques and to add
a sound physically based theory for generation of acoustic emission signals.

4.2 Source Mechanics

The formation and propagation of cracks in solid media are a field of research that
has been active for decades. Still, the theoretical description of the physics at the
crack tip and the crack dynamics are active fields of research [14, 15]. The gener-
ation of acoustic emission signals due to the crack motion is a closely related topic.
Despite of the broad range of technical applications, only little work has been
performed recently to advance the understanding of the physical processes involved
in the generation of acoustic emission.

In order to interpret the detected acoustic emission signals in terms of their
relevance to material failure, it is required to have concise knowledge of the
underlying source mechanics. In the past, various valuable attempts have been
made to provide a theoretical description of acoustic emission sources.

In general, the excitation process of an elastic wave as a result of crack surface
movement is given by the elastic wave equation as long as the deformation remains
elastic, i.e., for small displacements [16]. In the case of crack growth, the stress
level at the newly formed surface area drops from the initial value oy, to zero. As a
result the crack surface is deflected within a characteristic time #. and starts to
oscillate around its new energetic steady state [17]. The crack kinematic behavior
can then be described by a crack motion vector b (Burgers vector) and a vector
normal to the crack surface d. As demonstrated by [18], the characteristics of crack
deflection are fully described by the moment tensor concept, which couples the
crack kinematic behavior with the elastic properties:

M:JC.b-ddv (4.1)
Vv

The resulting excitation of a small elastic wave released in the surrounding medium
is then derived from the theory of elastic waves [19].
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It is important to note that the duration for the initial deflection ¢, is strictly
linked to the elastic properties of the cracking material and the local loading
conditions. This implies that the excited elastic wave is a characteristic fingerprint
for the failure process and thus a valuable source of information that is accessible
macroscopically by AE measurements. In general the duration for the initial
deflection decreases with the brittleness of the material [20] and thus determines
the oscillation frequency. Since the initial deflection time ¢, typically is in the order
of magnitude between 10 %and 107* s, the frequencies of the excited elastic waves
at the crack tip are located in the ultrasonic range between 10 kHz and 100 MHz.

While the correlation of ¢, to the elastic properties may seem obvious, the
influence of the local loading conditions on the excited elastic wave is more
complex. Because crack formation can result from different loading conditions,
the oscillation of the crack surface is strongly influenced in intensity, direction of
radiation, and damping behavior by the type of failure.

To this end, M. Ohtsu and K. Ono have examined the correlation between the
response function on the surface of linear elastic solids and dislocations arising
from acoustic emission sources located within [21, 22]. According to the general-
ized theory of acoustic emission, the elastic wave amplitude observed at position r
due to a microscopic displacement d(¢) located at gy, in an isotropic medium can
be written as

u(r,t) = T(r, Fources ) @ C - AV - d(Fsource, 1) (4.2)

Here ® denotes the convolution integral between the Green function ['(r, Fyoyrce, 1)
and elasticity tensor C times crack volume AV. The crack kinematics are taken into
account by the source-time function using a magnitude of displacement d and a rise-
time 7. Various step-function descriptions exist, which are used to define the three-
dimensional spatial displacement of the crack surface during crack formation
[2, 20, 22-24]. In particular the rise-time of the initial crack surface displacement
is an essential parameter to model the crack surface motion [25].

However, there are no reports in literature of successful measurements of rise-
times of real acoustic emission sources, e.g., due to cracking. Instead, the rise-time
is typically estimated based on the elastic properties of the bulk material. Despite of
that drawback, this type of source modeling has been successfully applied to many
cases and the basic concept has been used within the generalized theory of acoustic
emission by Ono and Ohtsu [21, 22], the work of Scruby and Wadley [26-28], and
numerous other analytical descriptions [2, 10, 20, 29, 30].

In recent years it has become convenient to use numerical methods to model
acoustic emission sources. In this field, Prosser, Hamstad, and Gary applied FEM to
simulate acoustic emission sources based on body forces acting as point source in a
solid [31, 32]. Hora and Cervena investigated the difference between nodal sources,
line sources, and cylindrical sources to build geometrically more representative
acoustic emission sources [33]. At the same time, a finite element approach was
proposed utilizing an acoustic emission source model taking into account the
geometry of a crack and the inhomogeneous elastic properties in the vicinity of
the acoustic emission source [24].
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In the following several investigation results as achieved by means of FEM are
used to demonstrate some of the key principles in acoustic emission source
mechanics. The main advantage of FEM in this context is that precise control of
the source characteristics (such as rise-time and source orientation), source loca-
tion, and propagation distance and direction is feasible. Another closely related
advantage is the possibility to compute the surface displacement directly, whereas
in the experiment, this evaluation suffers from the characteristics of the AE sensor.

4.2.1 AE Rise-Times and Plate Waves

As the first step towards a better understanding of the interaction between source
types and the detected acoustic emission signals, the relationship between the
source and the guided wave formation shall be investigated. To this end, there is
a limited set of factors to consider, whose influence shall be discussed first:

* Source magnitude

» Source rise-time

* Source-sensor distance (x source position)

» Source-sensor angle (x and y source position)
» Source depth position (z source position)

To address these different factors, a simple case of an aluminum plate with
buried dipole sources is considered. This kind of investigation follows the
established procedures of previous work conducted by Hamstad et al. [25, 31, 34].
The model configuration uses a 2D-axisymmetric representation of a plate with
4.7 mm thickness and material properties of AIMg3 as given in Table B.1 in
Appendix B. As source, a dipole of 150 pm axis length using a cosine-bell source
function with varying rise-time 7, and strength of 1 N was modeled. The out-of-plane
displacement is calculated for a distance of 240 mm using mesh settings with
maximum edge length of 0.5 mm and a time step of 0.1 ps. All these settings were
found to yield convergent results based on the coherence level of >98 % in the
frequency range up to 1 MHz, when compared to a solution with higher mesh
resolution and lower time step. Also the computations using these settings were
found to be in very good agreement to the respective calculations in [25, 31, 34],
therefore extending these previous findings.

The influence of the source magnitude is covered by the generalized theory of
acoustic emission and is addressed in terms of FEM work in [24, 32, 35]. Since this
is not of large relevance for the discussion as long as linear elastic computations are
used, the reader is referred to the respective original work, but also to Sect. 4.2.2 for
more recent work in this field. For the present configuration, the source magnitude
was kept constant. The source rise-time dominates the bandwidth of the source and
therefore is explicitly accounted for in the present investigation following the
previous work of [25]. Effects of changes of the source-sensor distance and the
source-sensor angle are also excluded from the present investigation by focusing on
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a 2D problem, evaluating the signals at constant distance. However, the respective
effects due to different wave propagation paths are extensively discussed in
Sect. 4.3 for various configurations as faced in composite materials. As pointed
out by Downs et al., the source depth position causes a systematic shift of the
intensity contribution of the Ay wave mode as soon as the source position moves
away from the center plane of the plate [31, 32]. Therefore, even for the same type
of source, there is a systematic change of the detected mode ratio.

This influence of the depth position is emphasized in Fig. 4.2 in two Choi-
Williams distributions (CWDs) as calculated for the respective relative depth
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Fig. 4.2 Choi-Williams distribution of two signals at 240 mm distance due to an in-plane dipole
source positioned at 2.350 mm (a) and 1.324 mm (b) below the surface
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positions. The superimposed dispersion curves clearly allow identifying the indi-
vidual modal contributions in the present configuration, which are the fundamental
symmetric mode (Sp) and antisymmetric mode (Ag), often referred to as extensional
and flexural mode.

Another important factor of influence for the modal composition of an acoustic
emission signal was found to be the rise-time. As visualized in Fig. 4.87 in Sect. 4.4,
the bandwidth of the source determines if a particular wave mode can be excited or
not. If the bandwidth of the source cuts off at too low frequency, there is no
possibility to excite guided wave modes propagating preferentially above that
cutoff frequency. The bandwidth of an acoustic emission source is dominantly
influenced by its rise-time, a factor which was also investigated previously using
FEM [25]. For the present case of buried in-plane dipoles, the influence of the rise-
time was studied and is shown in exemplary CWDs for an in-plane source at the
same depth position in Fig. 4.3a, b. As reported previously, the change in rise-time
substantially changes the excited wave modes [25]. For the shortest rise-time, the
bandwidth is sufficiently high, so higher-order modes are excited. But with decreas-
ing bandwidth, the Sy mode cannot be excited beyond certain intensity and the
signal is now dominated by the Ay mode.

From the viewpoint of source identification procedures, one interesting question
is the relative influence of these two factors. Therefore, signals within a range of
depth position and a range of rise-times were calculated and signals evaluated at a
distance of 240 mm. For each of the signals, the CWD was calculated, and the
maximum intensity of the coefficients for each of the wave modes was determined
to yield a measure of intensity. Subsequently, the matrix of rise-times and relative
depth positions was interpolated to yield the 3D representation of the coefficient
intensity as shown in Fig. 4.4 for the Sy mode and in Fig. 4.5 for the Ap mode.

As seen from the intensity map of the Sy mode in Fig. 4.4, there is some influence
of the relative depth position, which is expected from the according shift from the
center plane to the surface of the plate. However, the influence of the rise-time is
apparently much more relevant, since it is almost impossible to generate a reason-
able intensity of the So mode above a rise-time of 2.5 ps.

For the Ay mode, the behavior is strictly different. Here the relative depth
position shows a pronounced effect as expected by the shift of source position
from the center plane to the surface of the plate. Within the selected range of rise-
times, there is no substantial influence of the rise-time for a constant depth position.
This relates to the dominant propagation of the Ay mode at low frequencies. This
frequency range is hard to cut off since it is always found in the bandwidth of
sources operating with steplike source functions.

Although these results in combination with previous publications [25, 31, 32, 34]
are only reported for an isotropic material, the key principles are still applicable to
anisotropic materials as fiber reinforced laminates. However, there are numerous
additional effects, which have to be considered during wave propagation, which are
discussed in more detail in Sect. 4.3.
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Fig. 4.3 Choi-Williams distribution of two signals at 240 mm distance due to an in-plane dipole
source positioned at 1.324 mm below the surface using a rise-time of 0.5 ps (a) and 15.0 ps (b)

4.2.2 AE Source Model Implementation for Fiber Reinforced
Materials

Despite the high value of dipole-source representation to deduce some basic
conclusions on source operation, such description still lacks in the level of detail,
when compared to real acoustic emission sources. Therefore different approaches
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Fig. 4.6 Different types of acoustic emission source model descriptions used in literature
employing point sources (a) or extended sources (b) in conjunction with analytic source functions.
New source model description presented herein using dynamic changes of the source geometry
based on fracture mechanics (c) (reprinted from [13])

have been published in the past in order to improve the accuracy of acoustic
emission source models. Based on previous investigations, one can categorize the
different modeling strategies to describe acoustic emission sources of crack prop-
agation as shown in Fig. 4.6. The first type of source models considers point-like
sources explicitly defining the source dynamics utilizing analytical source functions
(cf. Fig. 4.6a). As the second type, we can name those attempts that have been made
to incorporate more accurate source geometries, while the modeled crack dynamics
are still based on analytical source functions (cf. Fig. 4.6b). The third type uses
accurate artificial source geometries and does not need an analytical source function
to generate acoustic emission. Instead, this type of source model is capable to
generate the crack dynamics based on experimentally accessible parameters and
fracture mechanics laws.

Currently most source models proposed in the literature are of type one or type
two, thus requiring an explicit definition of a source function. Accordingly, no
details of the dynamics arising from the crack formation process and the subsequent
crack surface motion are taken into account. To overcome these limitations, a
source model description of type three would be preferred.

From a mathematical modeling and simulation point of view, there are two main
challenges in providing a numerically based acoustic emission source model of
the third type. The first challenge consists of the different scales involved in the
problem (crack length of the order of microns versus signal wavelength of the order
of millimeters to centimeters) and the proper scale bridging. Owing to the vastly
different observations scales, a full multi-scale approach is thus necessary. The
second challenge stems from the calculation of temporal and spatial evolution of
the surfaces of the crack. This is a level of detail that is typically not accounted for
in modeling approaches used to describe crack formation by means of cohesive
zone elements, extended finite element methods, or similar implementations.
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Throughout the publications [13, 36, 37], a new source model description was
developed and validated. Its application to fiber reinforced materials is presented in
the following. This source modeling approach consists of three sequential modeling
steps as schematically presented in Fig. 4.7. The first step is derived from classical
structural mechanics. Suitable displacement boundary conditions are defined for the
geometry considered to restrict some of the displacement components on one end.
The other end is loaded by a force high enough to initiate fracture at the crack plane
considered. If the respective force value is unknown, the implementation of a
fracture criterion (e.g., fracture toughness, max. stress, etc.) to deduce the onset
load for crack initiation is a straightforward procedure using a stationary solver
sequence with incremental loading. If the external force is known from experi-
ments, the measured force value can directly be used for the stationary solver. For
the example shown in Fig. 4.7, the presence of the notch causes stress concentration
at the tip of the notch, which will cause crack initiation at this position.

In the second step, the initial conditions for the displacement u and stress state ¢
are chosen to be identical to the static values Uy ;. and 6,5 as calculated in the
previous step. Boundary conditions for restricted displacement components and
external loads are kept identical to the previous step. In contrast to the previous
step, a transient calculation of the displacement field is now performed. In addition,
boundary conditions at the crack plane are selected to allow for crack opening
according to a fracture mechanics law. The duration of this transient calculation 7,
is chosen to be sufficient until crack propagation has come to a rest. As seen from
Fig. 4.7, the presence of the static displacement field causes crack propagation with
an accompanying excitation of an acoustic emission wave. This spatial movement
is seen best in the velocity field, since the static displacement dominates the
displacement scale and therefore inhibits to observe the very small displacements
caused by the acoustic emission wave.

For the third' step, the initial conditions (t = 0) for the displacement, velocity,
and stress states of the last time value of the previous step (#;,.) are used. Boundary
conditions for restricted displacement components and external loads are kept
identical to the first and second step. The boundary conditions applied at the
crack plane are chosen to allow for independent movement of the new crack
surfaces without allowing penetration of each other. This transient calculation is
continued for a sufficient duration #.,4 to allow for signal propagation in the test
geometry as shown in Fig. 4.7.

The present implementation of crack growth requires the definition of a fracture
plane, similar to conventional cohesive zone modeling. In the example given in
Fig. 4.7, the fracture plane is the horizontal xy-plane located at the z-position of the
notch tip. The extension of the fracture plane in x-direction is chosen sufficiently
large that the crack will not grow beyond the end of that plane.

""The third step is only required due to the technical implementation chosen. For the selected
modeling environment, different solver settings were required for the second and the third
computation step making it necessary to split this part of the computation in two steps.
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The stiffness vector k of this fracture plane is written in terms of the boundary
coordinate system (¢, f, 1), the normal modulus E,, of the fracture plane, and the
in-plane shear modulus G, and the in-plane Poisson’s ratio v;,, as

_ ke
k= ko (4.3)
kn
b = kp = 02 (44)
E,,(l — thz)

ky = (4.5)

h(l + ytl2)(1 - 21/[12)

The parameter & is an effective thickness associated with the internal surface. The

thickness value & is chosen sufficiently small, so that the value of k has negligible
influence on the overall compliance of the model.

To model crack growth, the stiffness vector is multiplied by a degradation
function C(r) evaluated as a function of the position on the fracture surface r.

4.2.2.1 Source Models for Microscale

In [13, 36] the von Mises equivalent stress ¢, was chosen to model failure in
isotropic materials. For a general stress state, ¢, is written in terms of the normal
stresses o; and shear stresses 7;; as

o, = \/af + 0} + 02 — 0.0, — 0,0, — 0y0; + 3 (T)%y + 172 + r%z) (4.6)

Degradation of the stiffness vector k thus occurs if o, exceeds the materials tensile
strength R.

For technical reasons, it is required to track the maximum value o0,,.x of o,
throughout the computation. Therefore, the current implementation evaluates
whether the fracture condition is fulfilled in the present time step i or if it was
fulfilled in any previous time step. Therefore the degradation function is written in
terms of the maximum value of either 6,4 Or o,:

") 1 if max(omax(r), 6v(r)) <R (4.7

r) = .
0 if max(omax(r), 6v(r)) >R

While this procedure was found to yield valid results in application to failure of

homogeneous and isotropic media, such as pure matrix polymer or carbon fiber

filaments [13], further modifications are required to apply this approach to AE

sources in fiber reinforced materials.
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First, the microstructural complexity of the material has to be accounted for.
Since some of the failure mechanisms discussed in Sect. 2.1 start on the scale of
several micrometers and specimens are in the length scale of several centimeters or
meters, a suitable multi-scale approach needs to be developed to bridge those
scales. Second, the time scales of fracture for fiber materials (less than nanosec-
onds) and the typical time scales for signal propagation (many microseconds) are
different by several orders of magnitude. Therefore, suitable adoption of the time
resolution is required during the progress of the simulation.

To achieve the transition between the inhomogeneous material properties on the
microscopic scale and the homogeneous material properties on the macroscopic
scale, the usage of a perfectly matched layer region has been proposed in
[12, 24]. Based on the wavelengths faced in the simulation and the fast divergence
of the waves (i.e., fast increase of wavelength) when moving away from the source,
the resolution of the microstructure can be limited to some micrometers. For a fiber
reinforced material, this comprises the typical representative volume element
(RVE) approach as seen in Fig. 4.8. In previous investigations values between
30 and 75 pm were found to be sufficient to explicitly model the microstructure and
the crack process in this RVE. With reference to (4.8) and the scheme in Fig. 4.9,
the radius of this RVE with pure material properties Cy (i.e., fiber and matrix) is
designated 7pue. Adjacent to this inner zone, a perfectly matched layer (PML)
sphere with radius 7, is modeled. Here the microstructure is still geometrically
resolved, but the material properties C’ are gradually changed using intermediate
properties as function of radial position r (with =0 at the center of the RVE). The
material properties in the PML domains C’ for Fpure < 1 < rpm) are defined as

embedded RVE

AQD o

single fiber filament — |

Fig. 4.8 Geometry of RVE embedded in macroscopic geometry for wave propagation. The RVE
includes a PML domain allowing smooth transition of properties between the microstructural part
and the homogenized layers. Calculations within the embedded RVE and the macroscopic
geometry are carried out simultaneously
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Fig. 4.9 Visualization of the transition of material properties between rpy. and rpyp using
material density (left) and according tensile stress states for macroscopically applied tensile load
in x-direction (right)
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The required size of this RVE zone is governed by the fiber architecture, the fiber
volume fraction, the size of the modeled crack growth, and the wavelengths faced for
the respective failure mechanism. For the inner dimensions of the RVE stated above,
dimensions of 7,y in the range between 50 and 100 pm were found to yield
convergent solutions for the cases presented in the following. On the macroscopic
scale (outside the RVE and PML region), the individual layers of the composite are
modeled as homogenized anisotropic continuum C;. A visualization of the transition
of material properties between 1. and rppy. is shown in Fig. 4.9 using the material
density in the yz-cross-section of the RVE as an example. The operation of the RVE
in terms of the stress distribution is visualized in Fig. 4.9 as well. For a macroscop-
ically applied tensile stress of 2400 MPa in x-direction, the stresses within the RVE
are based on the individual stiffness of fiber and matrix and thus evaluate as
3700 MPa within the modeled fiber filaments and 52 MPa within the matrix.

Before fracture occurs, materials deform with substantial contributions of plastic
deformation. While this contribution is almost negligible for most of the reinforce-
ment fibers (i.e., carbon, glass, Kevlar), the polymeric matrix materials typically
undergo plastic deformation to a certain extent. Although the AE release (i.e.,
generation of elastic waves) is dominated by the elastic energy release, the influ-
ence of plastic deformation should still be considered in the material models within
the RVE. However, the extent of the RVE needs to be enlarged to fully include the
size of the plastic deformation zone inside 7y, Since it is not practicable to rewrite
(4.8) in a trivial way to consider the transition of plastic material models between
the microscale and the macroscale.

For the change in time resolution, the wavelengths or frequencies faced in the
source modeling procedure are the relevant quantity to discuss. Since breakage of a
single filament of a carbon fiber is in the order of one nanosecond, this requires a
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sufficiently small time step (e.g., in the order of 10~ "' s). While this time step is still
straightforward to use during crack growth, this high time resolution is impracti-
cable for calculation of signal propagation with durations of several 100 ps. With
reference to Fig. 4.7, this requires a modification of the approach in the third step of
the modeling dealing with signal propagation. Based on publications on AE source
modeling [12, 24], one way is an iterative increase in the time step until the final
resolution is reached. For modeling of fiber breakage with a duration of crack
growth of 7.,k = 1ns, this could be done in a sequence of resolutions doubling the
time step every 100 time increments starting at 0.01 ns and ending at a 10 ns
time step.

4.2.2.2 Source Models for Meso- and Macroscale

While the RVE approach is well suited to describe the propagation of cracks within
the size scale of several fiber diameters, the approach becomes numerically imprac-
tical beyond a certain length scale. This is due to the fact that the RVE itself
comprises most of the computational intensity, and thus it is not reasonable to
extend much beyond the dimensions shown in Fig. 4.8. Also, the failure on the
mesoscopic or macroscopic length scale in fiber reinforced materials is expected to
be governed more by the properties of the homogenized anisotropic solid rather
than the individual fiber and matrix materials contributing to the fracture surface.
To this end another approach was used in the following to describe the occurrence
of failure on this length scale.

As introduced in Sect. 2.2.1, Puck’s failure criteria for inter-fiber failure and
fiber failure are frequently applied to describe the occurrence of failure in fiber
reinforced materials. Considering now a homogeneous anisotropic solid in the
following, (2.11a) and (2.11b) are implemented within the “structural mechanics
module” of the software package COMSOL Multiphysics and are used to describe
layer-wise failure in unidirectional fiber reinforced materials on the mesoscopic and

macroscopic scale. For the stiffness vector k of the fracture plane, the values of
normal modulus E,, the shear modulus Gy,, and the Poisson’s ratio v, are
approximated based on the orientation of the fracture plane with respect to the
orientation of the modeled layer. Although this yields only a first-order approxi-
mation of the values, a proper choice of 4 was found to be much more relevant to
yield negligible compliance of the closed crack surface.
For the mesoscale and macroscale, the degradation function is written in terms of

the PUCK criteria as follows:

" 1 if max(PUCKyx(r), PUCK(r)) < (4.9)

r)= .

0 if max(PUCKpu(r), PUCK(r)) > 1

Similar to (4.7) this makes use of the maximum value PUCK,,,, of Puck’s failure

criteria at a given position to compare the present value with the results of all
previous solutions.
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4.2.3 Case Studies for Acoustic Emission Sources
in Fiber Reinforced Materials

One advantage of the newly proposed type three approach compared to other
formulations for acoustic emission source models is the experimental availability
of the input parameters. In the proposed model, crack growth and acoustic emission
are solely defined by the macroscopic loading condition and the failure criterion
used. In particular, no explicit source function comprising internal forces or rise-
times is necessary to initiate an acoustic emission signal. In this context, the validity
of the new source modeling approach has been verified against experimental results
from micromechanical experiments and was found to be in good agreement
[13, 37]. This validated modeling approach is used in the following to demonstrate
the excitation process of acoustic emission signals in several load cases as encoun-
tered in fiber reinforced materials.

To systematically address the different AE source mechanisms found in fiber
reinforced composites, a convenient approach is to begin with a unidirectional fiber
reinforced material and then extend the approach to more complex configurations.
For all modeling work presented in this context in the following, the material
properties of T700/PPS as reported in Table B.1 in Appendix B were used. The
elastoplastic material properties for the PPS matrix were derived from tensile tests
of the pure PPS material.

In order to avoid any influence of the thickness, or the geometry of the propa-
gation medium, a simple plate as shown in Fig. 4.10 was used as macroscopic
geometry for all investigations. The 1 mm thickness of the plate only allows
propagation of the Sy and Ao Lamb wave modes. As stacking sequence, unidirec-
tional plates with fiber axis in parallel to the x-axis and a [0/90/90/0] cross-ply
stacking were used. For evaluation of the AE signals, the out-of-plane displacement
as detected in 0°, 45°, and 90° orientation relative to the x-axis is used. The
observation positions were chosen at 25 mm distance to the source position located
at the center of the plate (see Fig. 4.16). All calculations were performed for 100 ps

o : - .
1 mm V signal detection 45

> signal detection 0°

source position
AQO e

signal detection 90°

Fig. 4.10 Model configuration used to investigate AE signals of typical failure mechanisms in
fiber reinforced materials including detection positions of the out-of-plane displacement signals
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Fig. 4.11 Scheme of macroscopic load cases studied to induce AE sources in fiber reinforced
materials

duration of signal propagation. For convenience, the displacement offset due to the
applied macroscopic load is subtracted from the simulated out-of-plane displace-
ments in the following to plot AE signals starting at zero amplitude.

In the following, various failure mechanisms as typical in fiber reinforced
materials are modeled. In order to induce these different failure types, various
load conditions are required. The chosen macroscopic load situations are summa-
rized in Fig. 4.11. Based on the considerations of failure theories as discussed in
Sects. 2.1 and 2.2, there are specific failure mechanisms expected for each of the
load cases shown in Fig. 4.11. An overview of these failure mechanisms is found in
Table 4.1 including a sketch of their micromechanical representation.

Since some of the load cases induce buckling of the plate, suitable boundary
conditions were chosen for all of the cases to minimize this effect and to yield the
intended stress components on the macroscopic scale and on the microscopic scale
within the RVE. The macroscopic load levels of each case were gradually increased
until the failure condition within the RVE or at the designated fracture plane was
fulfilled. In addition, the depth position of the microscopic failure mechanisms was
varied to study its influence in analogy to Sect. 4.2.1. Details of the respective
source configurations are provided in the following subsections.
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Table 4.1 Summary of load cases and expected failure mechanisms including micromechanical

representation

Load case

Failure mechanism

Micromechanical representation

Tensile parallel o

Fiber breakage

Fiber bridging

LA L2z
L0y

Tensile perpen-
dicular o,

Inter-fiber failure

Compression
parallel —o

Fiber breakage

Compression
perpendicular
—6,

Inter-fiber failure

Shear parallel 7,

Inter-fiber failure

(continued)
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Table 4.1 (continued)

Load case Failure mechanism Micromechanical representation
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4.2.3.1 Inter-fiber Failure

As one of the fundamental failure mechanisms in fiber reinforced composites, inter-
fiber failure is understood as formation of cracks in the matrix region between the
fibers and along the interface between fiber and matrix (cf. Sect. 2.1). For a
unidirectional fiber reinforced material, a broad distribution of crack sizes is
expected [38]. As shown in Fig. 2.1, such inter-fiber failure may occur on the
length scale of few fiber diameters, but may also span the full thickness of a ply and
may propagate several centimeters in one step. Therefore several AE source models
need to be investigated in terms of the dimensions of the inter-fiber cracks. In the
following, the AE source models were implemented as described in the previous
Sect. 4.2.2 employing a thin elastic layer in combination with Puck’s inter-fiber
failure criterion. Before starting the modeling work, an analysis using Puck’s failure
criterion is made to which of the above load situations are able to induce inter-fiber
failure.
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As the first load case, the tensile parallel (GH) situation is studied. As discussed
by Puck [39], inter-fiber failure in such a load situation is usually not covered by
most of the failure theories. Still it is evident from experimental observations that
such load situations may sometimes cause inter-fiber failure in the form of splitting
of the fiber layers. This is likely due to the generation of shear stresses at imper-
fections of the material or other breakdowns of the perfect tensile parallel load case.
However, for the AE source modeling applying Puck’s failure criterion, it was
found impossible to generate inter-fiber failure at any orientation of the fracture
plane before the occurrence of fiber failure. Thus it is not feasible to calculate AE
sources due to inter-fiber failure following Puck’s failure criterion in the tensile
parallel (o)) load case and similar in the compressive parallel (—o|) load case.
Consequently, only results of the remaining four load cases will be discussed in the
following.

Tensile Perpendicular o,

As the first example, tensile loading perpendicular to the fiber axis (o ) is presented
and used as an example to demonstrate some key aspects of acoustic emission
source operation. For a unidirectional composite material, this load case typically
results in ultimate failure due to macroscopic inter-fiber failure. However, the
ultimate (macroscopic) separation of the material is not the focus of this study.
Herein inter-fiber failure is assumed to stop after a certain propagation distance to
generate an AE signal for comparison with other failure mechanisms. Hence, the
crack growth was confined to a distinct size. The geometry of the crack and the
according load configuration is shown in Fig. 4.12. To initiate the crack at the center
position of the plate, an artificial flaw of 10 pm length spanning the full thickness
direction was included to act as a precrack.

In the stationary model, the static load F'; was increased to 1000 N before Puck’s
inter-fiber failure criterion indicated crack growth at the position of the edge of the

N
\\\znsile / ml 1 mm

erpendicular .
il precrack |

i (10 pmj \

z < _
ey NS twyz)= 000 X
\ symmetry plane

symmetry plane

fracture surface

Fig. 4.12 Model configuration including position of symmetry plane and details of crack region
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t=50ns t=250ns
'E‘%“
—

t =500 ns 08

Fig. 4.13 Extension of fracture surface during crack growth at =50 ns, t =250 ns, and r = 500 ns
after initiation of crack propagation

precrack yielding o, = 20MPa. Due to the presence of the static load, a static
displacement field exists within the specimen. As pointed out in the previous
section, these static load and displacement field are transferred to a second com-
putation step. This initiates the transient degradation of the stiffness vector of the
thin elastic layer based on the evaluation of Puck’s failure criterion. A sequence of
images during the duration of crack propagation is shown in Fig. 4.13. Here the
value of the degradation function is plotted for =50 ns, =250 ns, and # =500 ns
after initiation of crack propagation. The false-color range of the degradation
function C(r) indicates the extension of the crack by red areas, while blue colors
resemble areas, where the material is still in contact.

Due to the orientation of the local stress components, the crack walls are subject
to a dominant mode I type load situation. This causes a crack opening during
propagation of the crack, and the resulting movement of the fracture surfaces
constitutes the actual source mechanism. Since the static displacement values
dominate the displacement scale, it is hard to spot the minimal displacement values
superimposed to this background. Thus it is more convenient to use diagrams of the
acoustic velocity magnitude to visualize the generation of the acoustic emission
wave around the crack. As seen from Fig. 4.14, the near field of this crack type
consists of a radiation perpendicular to the crack surfaces, which extends along the
x-axis with the progression of the crack.
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Fig. 4.14 Plot of acoustic velocity magnitude during crack growth at t =100 ns, =250 ns, and
t=500 ns after initiation of crack propagation

In order to obtain the source function of the acoustic emission source, the
y-displacement at the position (x, y, z) = (0, 0, 0.5) mm is evaluated. This position
is at the center of the growing crack and thus the position with the maximum crack
opening. As seen in Fig. 4.15, during the duration of crack propagation, the
y-displacement increases continuously. However, at the moment of crack arrest,
the y-displacement does not stop or cease, but increases further until a maximum
value is reached. Subsequently, the crack surface starts to vibrate and finally settles
at a new equilibrium position.

Based on the theory of Green and Zerna [40], the expected position of the crack
surface in a static crack opening situation of a crack length @ may be estimated for
an isotropic material with modulus E and Poisson’s ratio v for a given stress ¢ as

4-(1—-v
Utheory = ](7: E_) ro0-a (410)

Following the intent of (4.10) for a mode I type load, the calculated value using the
material stiffness E,», 151,60, = 20MPa, and a = 2 mm is marked as dashed line in
Fig. 4.15b. As can be seen from the comparison, in the initial part, these values are
systematically lower than the present model predictions. This originates from the
underlying assumptions in the theory. In [40] static crack opening is assumed, i.e.,
the length of the crack is already present as flaw in the material and merely opens
due to an external force. If the same assumptions are made in the present model,
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Fig. 4.15 Evaluation of source displacement in y-direction during crack growth (a) and for full
duration of computation (b)

the achieved deformation state is in very good agreement to the values predicted
by [40]. However, the dynamic crack propagation seems to generate initial acoustic
emission amplitudes being larger than predicted by the analytical theory.

At the moment of crack arrest at t=1.1 ps, the model starts with the third
computation step to calculate the spreading of the acoustic emission signal in the
plate. In the far field, the displacement and velocity components generated by
the crack source are converted into plate waves and start to propagate toward the
detection positions. As seen from the acoustic velocity fields in Fig. 4.16 at six
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distinct time steps, there are two major contributions to the wave field. The first part
is the radiation of the wave in orientation perpendicular to the fracture surface. This
constitutes the dominant contribution to the wave field. As the second part, the
propagation of the crack causes a wave in parallel to the direction of crack growth.
This less-intense contribution spreads out faster due to the acoustic anisotropy of
the unidirectional fiber reinforced plate.

Due to the different radiation of the source in each direction, the resulting signals
obtained at 0°, 45°, and 90° start to appear significantly different. A comparison of
the signals detected at 25 mm distance to the source position is shown in Fig. 4.17.
Based on the angular dependency of the guided wave modes, the initial arrival of
the So mode is observed first in 0° orientation and last for 90° orientation. The mode
intensities are characteristically different for each orientation, which is a conse-
quence of the radiation pattern discussed above. The appearance of the modes
themselves is governed by the shape of the dispersion curves as shown in Fig. 4.59
in Sect. 4.3.

Compression Perpendicular —o

As the next type of load configuration, a compressive load perpendicular to the fiber
axis —o; was studied. As discussed in Sect. 2.1, such load situations are expected to
cause inter-fiber failure with a fracture surface inclined by 6 = 53° as shown in
Fig. 4.18. Here crack growth was initiated by a precrack at the center of the crack
with a width of 10 pm. In the stationary step of the modeling procedure, the static
load —F, was increased to 9000 N before Puck’s inter-fiber failure criterion
indicated crack growth at the position of the edge of the precrack yielding
—0, = 90MPa.

Due to the presence of the compression load, a static displacement field exists
within the specimen causing crack propagation at the designated fracture plane.
A sequence of images during the duration of crack propagation is shown in
Fig. 4.19. Here the degradation function is shown for =50 ns, =250 ns, and
t =500 ns after initiation of crack propagation. As seen from Fig. 4.19, the crack
starts to grow beginning at the precrack and propagates along the x-axis direction.
The false-color range of the degradation function Cv‘(r) indicates the extension of the
crack by red areas, while blue colors resemble areas, where the material is still in
contact.

Similar to the previous load case, the near field of the crack is shown as velocity
magnitude at three distinct time steps in Fig. 4.20. The observed crack propagation
causes a motion perpendicular to the formation of the crack surface which is
inclined by 53°. In comparison to the load case o, the intensity of the surface
motion is not balanced along the y-axis at each edge of the crack surface. Instead,
there is an asymmetric intensity observed radiating in the positive y-axis direction
at the top surface of the plate and in the negative y-axis direction on the bottom of
the plate (cf. Fig. 4.20).


http://dx.doi.org/10.1007/978-3-319-30954-5_2

4.2 Source Mechanics 157

a ——90°
0.20 - 45°
0.18 - —0°
0.16 -

T 0.14 1
3
= 0.12
5
£ 0.10 -
3
S 0.08
o
[72)
S 0.06 MMW
g
& 0.04
(o]
0.02 -
0.00 4
-0.02 4
0 20 40 60 80 100
time [us]
b B 50°
2.5x107° —45°
- O°
2.0x1075 -

E

S 1.5x10°5 1

©

S |

2 "

&

£ 1.0x1075 - 1'

= il

LL I

5.0x1078 /‘ } \
| u
!
0.0 A "\db ‘M "\.AMJJ“W«“‘ \hnww v'n;h‘l,u“

0 100 200 300 400 500 600 700 800 900 1000
frequency [kHz]

Fig. 4.17 Acoustic emission signals of inter-fiber failure due to o, detected in unidirectional plate
at 0°,45°, and 90° relative to fiber orientation at 25 mm distance to source position in time domain
(a) and frequency domain (b)

The acoustic emission signals detected in 25 mm distance to the source position
are shown in Fig. 4.21 for three different angles relative to the source position.
Again, the combination of the radiation pattern of the source and the anisotropy of
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after initiation of crack propagation

the propagation medium causes signals, which look distinctly different although
they emanate from the same source. This finding is not unexpected and was also
experimentally verified (cf. Sect. 4.5.4.3). In direct comparison to the ¢, load case,
the signals detected at each of the angles show reasonable similarity.

Shear Parallel 7,

As further load case relevant for inter-fiber failure, shear loading parallel 7, to the
fiber axis is investigated. This shear stress situation indicated by the load arrows in
Fig. 4.22 is expected to yield a fracture surface orientation as for the o, case.
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As shown in the schematically drawing in Fig. 4.22, a precrack of 10 pm length was
chosen to facilitate crack initiation. To allow for better comparison with the other
inter-fiber failure cases, the extension of the fracture surface was chosen to be 1 mm
along the x-axis. A macroscopic load of F/||; = 8000 N results in a shear stress value
of 7, = 80MPa at the position of the fracture surface.

A visualization of crack propagation according to Puck’s failure criterion is
shown in three distinct time steps in Fig. 4.23. Similar to the previous load cases,
the crack front advances steadily along the direction of the x-axis due to the
presence of the macroscopic stress field. While the speed of crack propagation
along the x-axis is almost unaltered compared to the previous cases, slight differ-
ences arise in the shape of the crack front. This is attributed to the different load
components faced in this shear load case.

The acoustic velocity magnitude is shown as false-color plot in Fig. 4.24 at three
distinct time steps after crack initiation. While the first impression of the crack front
resembles some close similarity to the near field emanating from the crack growth under
o, there are some substantial differences. In the 7|, load case, the extent of the motion
along the y-axis does reach as far as for the ¢, case, and some noticeable additional
motions with higher frequencies are observed. The latter are seen best as shades ahead
of the intense part of the near-field zone spreading out in x- and y-direction.
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Fig. 4.21 Acoustic emission signals of inter-fiber failure due to —o, detected in unidirectional
plate at 0°, 45°, and 90° relative to fiber orientation at 25 mm distance to source position in time
domain (a) and frequency domain (b)

The change in source operation as compared to the o, load case also translates
into distinct differences in the detected acoustic emission signals. In Fig. 4.25 a
comparison of the signals detected at three different angles relative to the source
position is shown. In contrast to the signals of Figs. 4.17 and 4.21, these acoustic
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emission signals share the common aspect of lack of lower frequency components.
This is due to the confined possibilities of crack surface movement. Since the
macroscopic 7, load does not cause a mode I type crack opening movement, but
rather a mode II type sliding crack propagation, the dominant vibration of the crack
surface is a movement in the xz-plane.

Bending o,

As the last type of load scenario for the occurrence of inter-fiber failure, a bending
load o, is investigated. Here, a different laminate type is selected to induce
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inter-fiber failure in a [0/90],yn, stacking sequence. The thickness was chosen to be
1 mm in accordance with the previously studied unidirectional plate. A schemati-
cally view of the load configuration with details of the crack model is shown in
Fig. 4.26. The inter-fiber failure fracture plane is defined directly below the position
of applied load and to occur within the full thickness of the 90° layer. For better
comparability with the previous cases, the size of the crack along the y-axis
direction is artificially constrained to yield a length of 500 pm.

To initiate crack growth in the designated fracture plane, a precrack of 10 pm
length in the z-axis direction was modeled at the top edge of the 90° layer. The
required external load was evaluated to be F, = 500N so that Puck’s failure
criterion indicated crack initiation at the position of the precrack. The crack
propagation is visualized for three distinct time steps in Fig. 4.27 using the false-
color representation of the degradation function. In this load case, the crack initiates
at the precrack position and starts to propagate with an almost plane crack front
along the z-axis direction until it reaches the position of the bottom 0° layer.

The near field of the growing crack is shown in Fig. 4.28 for three distinct time
steps as plot of the acoustic velocity magnitude. Since the crack propagation
direction is along the z-axis direction, the view of the acoustic velocity magnitude
within the xz-plane needs some further explanation. Because the crack starts at the
top of the 90° layers, this is also the start position of the crack surface motion. With
increasing time the motion of the crack walls turn on further displacements along
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Fig. 4.25 Acoustic emission signals of inter-fiber failure due to 7, detected in unidirectional
plate at 0°, 45°, and 90° relative to fiber orientation at 25 mm distance to source position in time
domain (a) and frequency domain (b)

the crack propagation direction causing a stripe-like appearance of the near-field
zone. After the crack has reached the bottom of the 90° layers, the motion solely
spreads out from this position. The effect of the different fiber orientations in the
0° and 90° layers also adds to the formation of the near field. Since wave propaga-
tion along the x-axis is faster in the top and bottom 0° layer, the motion in this part
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of the plate propagates faster than in the 90° layer before all motions finally turn
into a common guided wave mode.

As expected from the different stacking sequence, but also due to the different
source type, the acoustic emission signals appear to be different to the previous
cases. As shown for three distinct angles, the acoustic emission signals detected in
25 mm distance to the source position show a pronounced high-frequency vibration
superimposed by an out-of-plane movement with comparatively low frequency.

The high-frequency part originates from similar confined crack motions as
discussed for the 7, case. In the bending case, the upper half of the fracture
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plane is subject to a dominant compressive normal load, while the lower part is
subject to a tensile normal load. In combination with the maximum shear load at the
neutral axis of the plate, this leads to superimposed constraints with respect to
the movement of the fracture surface. These constraints inhibit a free vibration of
the full fracture surface (as, i.e., observed in [13]) and cause the vibration seen in
Fig. 4.29. The low-frequency contribution however has a distinctly different origin.
Due to the formation of the crack, the plate loses its stiffness, which results in a
macroscopic settlement at the center of the plate. This settlement causes a plate
motion, which is directed along the 0° and 90° axis orientation and hence visible in
the contributions of the respective signals.

4.2.3.2 Delamination

As the second category of failure mechanisms studied, the focus is now on the
occurrence of inter-ply delamination. Many failure theories do not distinguish
between inter-ply delamination and inter-fiber failure, since crack growth is occur-
ring between the fibers in both cases. However, due to the different orientation of
the fracture surface relative to the thickness direction of the plate, this failure type is
acoustically different to the cases studied in Sect. 4.2.3.1.
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Fig. 4.29 Acoustic emission signals of inter-fiber failure due to o, detected in [0/90]sy, plate at
0°, 45°, and 90° relative to fiber orientation at 25 mm distance to source position in time domain
(a) and frequency domain (b)

Using Puck’s failure criterion to evaluate the occurrence of delamination (i.e.,
inter-fiber failure with 8 = 90°), the same considerations as in Sect. 4.2.3.1 apply.
For the load cases o and -0, there is no inter-fiber failure observed before the
occurrence of fiber failure. Similarly, the fracture plane orientation for the load case



4.2 Source Mechanics 167

o, in a unidirectional plate is 0°, and for the load case —o,, the fracture plane
orientation is calculated as 6 = 53°. Consequently, none of those load cases is
discussed in the following. Only the 7|, load case was found to yield a delamination
type failure in a unidirectional material. In addition, the important scenario of inter-
ply delamination in a multiaxial laminate is investigated. To this end, an analysis
using a [0/90]4y, laminate subject to bending load o, is presented.

Shear Parallel 7,

As shown in Fig. 4.30, the fracture surface is oriented parallel to the top and bottom
surface (6 = 90°) of the laminate plate. The width of inter-ply delamination was
chosen as 1 mm, and crack growth was confined to a maximum length of 1 mm
allowing better comparison to the inter-fiber failure cases studied previously. To
allow crack initiation at the designated position, a precrack of 10 pm width was
modeled at the edge to the yz-plane.

At an applied force of F), = 6300N, Puck’s failure criterion indicates crack
growth at the precrack position. A visual representation of crack growth found for
this load configuration is shown in Fig. 4.31. At three distinct time steps, the value
of the degradation function is plotted as false-color values. Unlike the inter-fiber
failure cases, the crack propagation in the present case seems to be substantially
slower.

For this load case, the direction of crack propagation is along the x-axis. The type
of crack motion seen in the acoustic velocity magnitude images in Fig. 4.32 is
mostly due to the perpendicular motion of the crack surface. As indicated from the
multiple wave peaks in Fig. 4.32, the crack motion is subject to a sequence of crack
arrest and crack initiations. This turns into a high-frequency contribution as seen in
the acoustic emission signals in Fig. 4.33 and a characteristic resonance like
frequency. However, due to Poisson’s contraction, the crack wall motion along
the z-axis is energetically limited and therefore the absolute amplitudes of the
signals are one to two orders of magnitude lower than for the inter-fiber failure
cases of similar crack surface dimensions.
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Fig. 4.30 Model configuration including position of antisymmetry plane and details of crack
region
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Bending o,
Another configuration encountered in fiber reinforced materials, which causes

initiation of inter-ply delamination, is the presence of an inter-fiber crack in
off-axis plies relative to the load axis. As representative example for this scenario,
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the load case bending o, in conjunction with a [0/90],,, laminate is investigated.
The schematically arrangement of this source type is shown in Fig. 4.34.
As precrack a fully grown inter-fiber crack spanning the thickness of the two 90°
plies is chosen. The extent of this precrack is identical to the previously studied case
of inter-fiber failure due to bending load o,,. In such a case, inter-ply delamination is
expected to occur at the interface between 0° and 90° plies at the top and at the
bottom, respectively. The size of each of the delamination areas was chosen to be
1.0 mm x 1.0 mm.

At an applied bending load F, = 750N, Puck’s failure criterion indicated
initiation of crack growth at both of the interfaces. As seen from the evaluation of
the degradation function as false-color plot at three distinct time steps in Fig. 4.35,
the crack front advances along the x-axis starting at the position of the precrack.
Due to the distinctly different load conditions at the top and at the bottom interface,
the crack front at the top interface spreads out first and advances faster than at the
bottom. However, both cracks are active at the same time, thus yielding a combined
contribution to the near-field zone and thus effectively yielding one acoustic
emission signal.

The combined activity of both delamination fronts is also seen in the acoustic
velocity magnitude shown in Fig. 4.36 at three distinct time steps. Here the zone at
the top interface appears larger, which is due to the delamination at the top interface
preceding the delamination at the bottom interface. The near field is shaped by the
direction of crack propagation along the x-axis but is also facilitated by the acoustic
anisotropy of the 0° layers causing faster wave propagation along the x-axis than in
the perpendicular directions. Therefore the near-field zone appears rather elliptical
at the top and at the bottom position.

Due to the close physical distance and the close time-wise distance, the activity
of the two delamination fronts causes only one acoustic emission signal. This is
demonstrated by the calculated signals in 25 mm distance to the source positions
for three different angles as shown in Fig. 4.37. The acoustic emission signals do
not reveal any indications of two merged signals but rather appear as typical
transient signal with one distinct onset and according activity after that. The
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dominant contributions seen in the signals can be attributed to similar origins as
before. The high-frequency portion is mostly caused by the elementary crack
arrest and crack advance of the fracture surface, whereas the low-frequency
portion is again due to a settlement of the damage zone induced by the change
in stiffness reduction.

4.2.3.3 Fiber Failure

Distinctly different to the two previous categories of failure mechanisms, fiber
failure is a type of crack propagation associated with several challenges in source
modeling. As evident from experimental findings, fiber failure is a mechanism
which is usually not found on the macroscopic scale (e.g., crack zones with mm?)
prior to ultimate failure. Instead composite failure was observed to be caused by
accumulation of clusters of less than 20 single fiber filament failures [41]. With
some exceptions, rupture of a larger number of loaded fibers will initiate ultimate
failure, and the according acoustic emission signal will be useless in the current
context, since it will overlap with many other mechanisms and therefore cannot be
related to a particular microscopic mechanism. Consequently, the following model-
ing work aims for the failure of single filaments and small fiber bundles in relation
to their acoustic emission signals. Consequently, the RVE approach was used to
model a microscopic part of the unidirectional fiber reinforced plate embedded in
the macroscopic plate. Distinction is made between two load cases typically
causing failure of fiber filaments in unidirectional laminates. One is the tensile
parallel load case o) and one is the compression parallel load case —o.

Tension Parallel o|

For initiation of fiber breakage, tensile loading parallel o to the fiber axis is the only
relevant situation for a unidirectional laminate. This model configuration is shown
in Fig. 4.38 illustrating the macroscopic load configuration and then presenting
details of the RVE dimensions and position within the plate. For the crack position,
a further magnification of the RVE provides some more details with respect to the
chosen model configuration. In the present RVE configuration, all fibers have
identical dimensions and mechanical properties.” To initiate failure in one single
filament, two modifications to the perfect RVE arrangement were required. First,
within the designated yz-plane, the matrix area surrounding the fiber filament was
defined as fully cracked, resembling presence of a void or an inter-fiber crack acting
as stress concentrator at the surface of the fiber. Second, to avoid failure of other

2This assumption is not absolutely justified in reality, since it is well known that fibers show
Weibull-type strength distributions, and may have significant variation in their cross-sections and
their modulus.
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surrounding fibers (subject to the same stress concentration effect), the designated
fiber filament was additionally weakened by the presence of a small pore with
350 nm diameter. This is one tenth of the fiber radius and therefore causes enough
stress concentration at one particular fiber filament to enable crack propagation only
within its cross-section. That way it is possible to systematically vary the filament
failure strength between 300 and 4061 MPa to investigate its relation to the
detectable acoustic emission signal amplitude. The value of 4061 MPa was taken
from the material supplier’s datasheet and is interpreted as mean fiber strength.

In order to reach a stress concentration of 4061 MPa at the designated fracture
plane, a macroscopic load of F = 263kN was necessary. As failure criterion the
von Mises equivalent stress as defined in (4.6) was used. Due to the presence of the
modeled pore, failure initiates at the bottom of the fiber as seen in the false-color
plots of the degradation function in Fig. 4.39. The crack propagation takes about
1.3 ns until the fracture surface is finally established. This duration seems quite
reasonable when compared to the value of 1.2 ns calculated for a free fiber filament
in [13] which has been validated against experimental data. As distinct difference to
the case of a free fiber filament, the crack front seems to initiate at the position of the
pore, but later starts to advance along the radial direction of the fiber starting at all
directions reducing the cross-section of the fiber upon crack growth.

The near field of the single fiber filament failure is visualized as acoustic velocity
magnitude in Fig. 4.40 for three distinct time steps after fiber failure. The shape of
the near-field zone resembles close similarity to a dipole radiation pattern.
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This pattern is slightly distorted over time, because of the high acoustic velocity
along the fiber axis causing a faster spreading along the fiber axis than in the
surrounding matrix material. The dominant radiation direction is found to be in
the in-plane direction which is in good accordance with results from previous
source models [24, 35].

Despite of the high macroscopic failure load and the intense acoustic velocity
magnitudes seen in Fig. 4.40, the amplitudes of the detected acoustic emission
signals are substantially lower than for inter-fiber failure or delamination
(cf. Fig. 4.41). For the three acoustic emission signals detected at 25 mm to the
source position at three different angles, the values are found to be three to four
orders of magnitude lower than for the previous cases. This is caused by the
substantially lower fracture surface area in the present case. Compared to the
previous fracture surface area of the order of 1 x 10~® m? in the present case, the
fiber cross-section is of the order of only 1 x 10~'? m? having a difference of about
four orders of magnitude. The main cause for the difference in intensity for the
0° orientation and the 45° and 90° orientation is the unidirectional arrangement of
the fiber and the according radiation pattern having a dominant radiation in parallel
to the fiber axis. Independent of the angle, the detected acoustic emission signals are
dominated by high-frequency contributions, which are caused by the short rise-time
of the source.

Compression Parallel —o

As further load case for single filament failure, the compression load parallel —o to
the fiber axis is investigated. As seen from the micromechanical representation in
Fig. 4.42, this type of failure usually causes fragmentation of the fiber filaments due
to the occurrence of band kinking prior to failure. Therefore the resulting AE signal
is caused by failure of more than one material and a mixed mode fracture of the
individual microscopic components. Being a representative case of this class of
failure, the kinking of one single fiber filament was investigated.

As seen from Fig. 4.42, the RVE was embedded in the laminate at the center
position of the plate. To facilitate the visibility of the relevant modifications, the
fibers of the RVE surrounding the failing filament are not shown in Fig. 4.42. The
single fiber filament subject to failure was modified to include two pores at opposite
edges along the z-axis. Due to this pore configuration, a skew microscopic load
situation occurs, which causes kinking of the designated fiber filament.

Using a macroscopic stress level of 800 MPa at the designated fracture planes, a
microscopic load of —o = 1800MPa was observed. As failure criterion in this
case, the von Mises equivalent stress as defined in (4.6) was used for this case.
Similar to the previous case, the presence of the modeled pores initiates crack
growth at these positions as seen from the false-color plots of the degradation
function in Fig. 4.43. The crack propagation takes about 1.3 ns until the full extent
of the fracture surface is reached, which is the identical duration as observed for the
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Fig. 4.41 Acoustic emission signals of fiber failure due to 5| detected in unidirectional plate at 0°,

45°, and 90° relative to fiber orientation at 25 mm distance to source position in time domain (a)
and frequency domain (b)

tensile fiber failure case. This seems well applicable since the crack speed is
dominated by the carbon fiber properties in both cases.

The signal propagation after filament failure is visualized as acoustic velocity
magnitude in Fig. 4.44 for three distinct time steps after failure initiation. Different
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Fig. 4.44 Plot of acoustic velocity magnitude during crack growth at t=1.0 ns, r=5.0 ns, and
t=10.0 ns after initiation of crack propagation

to the tensile load case, the presence of two moving fracture surfaces causes
formation of two dipole-like radiation patterns instead of one. Their superposition
causes the wave propagation in the near field seen in Fig. 4.44. The dominant
radiation direction is found to be in the in-plane direction with stronger intensity
than for the tensile load case.

The resulting acoustic emission signals of compressive fiber failure are shown in
Fig. 4.45. They obey the same trend as function of angle like the signals of tensile
fiber failure, but tend to be larger in amplitude by almost one order of magnitude.
This can be partially attributed to the formation of two times the fracture surface
when compared to the tensile load case. Another factor is the tilted movement of the
fracture zone (including the fractured filament and the surrounding matrix) which
turns into larger microscopic displacements than for the tensile fiber failure case.

4.2.3.4 Fiber Bridging

Beyond the individual failure of the matrix material, the fibers, or the interface,
there are several failure mechanisms involving a specific arrangement of
micromechanical processes. As discussed in the previous section, compressive
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fiber failure is such a process. Another failure mechanism in this context is fiber
bridging. Here the crack propagates transverse to the fiber axis, but the individual
filaments remain intact during crack propagation. Instead of fiber failure, a combi-
nation of fiber-matrix debonding, matrix cracking, and interfacial failure occurs
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(cf. Sect. 2.1). To model this phenomenon on the microscopic scale, the RVE
approach was used, and the von Mises criterion was applied to evaluate failure of
the matrix material within the RVE. As macroscopic load configuration, the tensile
load parallel case o was studied. To initiate the crack used for fiber bridging, a
precrack starting at the surface position of the laminate was chosen as indicated in
Fig. 4.46.

The selected position and dimensions of the precrack assure that due to a
macroscopic stress level of 2000 MPa, a microscopic load of o= 52MPa is
reached at the edge of the precrack. This fulfills the fracture condition for matrix
cracking and thus drives the crack propagation plotted in Fig. 4.47. As seen for
three distinct time steps after failure initiation, the growth of the fracture plane is
not straightforward along the z- or y-axis, but is influenced by the stress concen-
tration effect of the nearby fibers. Accordingly, the full fracture surface is finally
established by merging of three individual matrix areas between the surrounding
fibers after 5 ns. Since the model is calculated with symmetry conditions at the xz-
plane, this configuration would approximate an elliptical crack front, which
includes the precrack area.

After crack growth, the signal spreads out and propagates along the free surface
and into the volume of the laminate. As seen in the acoustic velocity magnitude
from Fig. 4.48, the intensity of the wave is comparatively low, and the
corresponding acoustic emission signals shown in Fig. 4.49 are among the lowest
intensities found for the cases studied herein. This is readily understood from the
small size of the fracture zone and the reduced mobility of the crack wall move-
ment. The latter is bridged by the fibers and these in turn limit the deflection of the
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Fig. 4.47 Extension of fracture surface during crack growth at r=0.5ns, #=1.0ns, and  =5.0 ns
after initiation of crack propagation
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velocity
magnitude

 mis]

Fig. 4.48 Plot of acoustic velocity magnitude during crack growth at t=15 ns, =20 ns, and
t =25 ns after initiation of crack propagation
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Fig. 4.49 Acoustic emission signals of fiber bridging failure due to o) detected in unidirectional

plate at 0°, 45°, and 90° relative to fiber orientation at 25 mm distance to source position in time
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crack walls along the fiber axis. Hence, the acoustic emission magnitudes are
expected to be rather low.

Especially for the acoustic emission signal detected along the 0° axis, some
high-frequency contributions are visible for the Sy mode at the beginning of the
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signal shown in Fig. 4.49. These are similar to the frequencies seen for the fiber
breakage cases, which are in turn linked to the size of the fracture zones. But the
dominant contribution in the present case are lower frequencies originating from
the Ay mode contributions starting after approximately 10 ps. These are predomi-
nantly due to the chosen source position at the surface of the laminate. Thus a
decrease of their intensity is expected if fiber bridging would occur inside the
laminate (cf. Sect. 4.2.3.7).

4.2.3.5 Influence of Crack Length

Beyond the distinct relationship of individual source types and their acoustic
emission signals, it is worthwhile to consider some further factors of influence.
First a comparison is made between the motions of the crack surface caused by
three different crack propagation lengths for inter-fiber failure in the ¢, load case.
Therefore the y-displacement of the crack surface position is evaluated following
the procedure described in Sect. 4.2.3.1. To this end, the length of the thin elastic
layer is adjusted to allow crack propagation only to the designated maximum
length. The respective evaluation of the y-displacement of the crack surface is
shown in Fig. 4.50 as comparison of the three cases. During the duration of crack
propagation, the y-displacement increases almost linearly. However, at the moment
of crack arrest, the y-displacement does not stop or cease, but increases further until
a maximum value is reached as discussed previously in Sect. 4.2.3.1. Subsequently,
the crack surface starts to vibrate and finally settles at a new equilibrium position.
The predictions of the y-displacement derived from the theory of Green [40] are
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Fig. 4.50 Evaluation of source displacement in y-direction for o, load case with three different
maximum propagation lengths and dashed lines to mark predictions from analytical theories
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marked as dashed lines in Fig. 4.50. As can be seen from the comparison, in the
initial part, these values are systematically lower than the present model predic-
tions. This originates from the underlying assumptions in the theory. In [40] static
crack opening is assumed, i.e., the length of the crack is already present as a flaw in
the material and merely opens due to an external force. If the same assumptions are
made in the present model, the achieved deformation state is in good agreement to
the values predicted by [40]. However, the dynamic crack propagation seems to
generate initial acoustic emission amplitudes larger than predicted by analytical
theories, which has also been reported for the case of isotropic materials
before [36].

4.2.3.6 Influence of Fracture Surface

Another factor of influence contributing to the intensity of the acoustic emission
signal is the size of the fracture surface. To demonstrate this effect, the tensile
parallel load case o for fiber failure is chosen. As major difference to the failure
model shown in Fig. 4.38, the position of the pore acting as precrack and the
number of failing filaments were varied. Studies are carried out for failure of one,
three, and five filaments. In this context, the number of filaments failing simulta-
neously determines the effective fracture surface as shown in blue in Fig. 4.51.
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Fig. 4.51 Schematically representation of fracture surface within the RVE marked in blue (left
side) and evaluation of acoustic emission signals due to fiber failure with one, three, and five
filaments in unidirectional laminate at 25 mm distance to source position at 0° angle relative to the
fiber orientation (right side)
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The position of the pore was chosen at the bottom of the lowest fiber filament, and
crack propagation was found to be mostly oriented along the z-axis direction as
indicated by the arrow in Fig. 4.51. Based on the generalized theory of acoustic
emission [21, 22], a larger fracture surface translates into larger vibrating volume AV
if the same stress level is applied to the fracture surface. Since the external load level
was kept identical for all model configurations at | = 263 kN, the dominant change
is solely due to the change in fracture surface. As seen from the detected acoustic
emission signals in Fig. 4.51, this change in fracture surface directly translates into a
change in signal amplitude. Here the higher the numbers of failing filaments, the
higher the signal amplitudes were calculated. The observed frequencies of the signals
are still comparable, since the rise-time is still in the same order of magnitude.

4.2.3.7 Influence of Depth Position

So far all crack positions were chosen symmetric with respect to the neutral axis of
the plate in order to avoid any influences due to asymmetric source positions as
described in Sect. 4.2.1. However, for the unidirectional fiber reinforced composite
used in this study, there is no preferential position for fiber breakage along the
z-axis. Therefore, various depth positions below the surface were studied to com-
pare the resulting out-of-plane displacement signals as seen in Fig. 4.52. Except for
the position of the fiber breakage sources, all model parameters are chosen identical
to the description given in Sect. 4.2.3.3 for single fiber filament failure.
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Fig. 4.52 Evaluation of acoustic emission signals due to fiber failure at three different depth

positions in unidirectional laminate at 25 mm distance to source position at 0° angle relative to the
fiber orientation
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Starting at the midplane of the plate (z=0.50 mm), the RVE region was
gradually moved to a position shortly below the surface with the fiber breakage
being at z=0.75 mm (cf. Fig. 4.52). For better visibility only one half of the RVE
region is shown. For the tensile parallel load case o, failure of one fiber filament
results in the out-of-plane displacement signals shown in Fig. 4.52. As expected by
the principles of modal AE, the gradual shift from the midplane to the surface
causes a noticeable increase of the Ag mode. However, there is still noticeable
contribution of the high-frequency components propagating as Sy mode. In fact,
there is no reduction of bandwidth for the three signals. But there is a distinct shift
of the relative intensity of these contributions, causing higher contributions at lower
frequencies with increased distance to the midplane. Here the Ao mode also causes
increased absolute signal amplitudes, which is beneficial from the detection point
of view.

4.2.4 Detectability of Failure Mechanisms

Based on the multitude of calculated signals for different failure mechanisms
presented in the previous section, it is possible to assess the detectability of different
failure mechanisms by AE measurements. As will be demonstrated in Sect. 4.4, the
sensitivity of AE sensors is extraordinary high, but still there are physical limita-
tions. Various authors claim the expected out-of-plane sensitivity of acoustic
emission sensors to be in the order of 107 *~10"* m [42, 43] and thus will act as
ultimate detection limit in the following. Using the investigations of the previous
section, all signals are evaluated with respect to their maximum absolute amplitude
within the first 100 ps. This procedure is identically carried out for signals of all
source mechanisms and for all detection angles to account for these effects as
scatter of the obtained values.

The aim of this subsection is twofold. First, the general relationship between the
detectable acoustic emission signal amplitude and the physical size of the failure
mechanism is established. Second, the aspect of detectability in terms of the
distance and orientation relative to the source position is discussed.

Figure 4.53 presents the results of the calculated out-of-plane displacement of
the acoustic emission signal plotted as function of the “crack area.” For the
quantification of the acoustic emission signal, the absolute value of the out-of-
plane displacement is used, since detectability by acoustic emission sensors does
not distinguish between positive or negative amplitude values. The “crack area” is
quantified as area of the fracture surface AA finally reached by the respective failure
type (i.e., for single fiber filament failure, this is equivalent to the cross-section of
one filament). In general, the vibrating volume AV is the acoustically relevant
quantity. The vibrating volume is related to AA by considering the respective
displacement normal to the surface A. However, the quantity AV cannot be readily
derived from simple geometrical considerations and therefore does not constitute a
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Fig. 4.53 Out-of-plane component of acoustic emission signal detected at 25 mm distance to the
source for different failure types as function of the crack area in 1 mm thick T700/PPS plate

useful quantity to assess detectability. Instead, the size of the fracture zone AA can
be understood in close analogy to the flaw size as typically used in NDT standards
and therefore allows better interpretability of Fig. 4.53. To facilitate reading further,
some exemplary crack dimensions representative of the scales are noted in Fig. 4.53
as black vertical lines.

As expected from the physical dimensions of the fracture zones modeled, the
detectable crack areas span five orders of magnitude. Similarly, the detected signal
amplitudes cover eight orders of magnitude. Hence, both axes are shown in a
logarithmic scale to allow for better visibility of the individual signals. There is a
general trend common to all failure mechanisms showing larger signal amplitudes
with larger crack areas. Based on the fundamental considerations made in (4.1) and
(4.2), this finding is not surprising.

For the failure mechanism of fiber breakage, the variation of fiber filament
strength causes a characteristic distribution of expected AE signal amplitudes for
one particular crack area since the latter was kept constant. This is indicated
exemplarily for the case of one fiber filament. Additional scatter arises from the
intensity radiated to the different angles relative to the source. Both effects define a
mean value of fiber filament failure for the present case and a respective scatter
expected due to the underlying Weibull strength distribution and the extreme cases
of observation angles relative to the source position. For an increasing number of
fiber filaments failing simultaneously, the detected AE signal amplitude increases
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as does the crack area. Given the applied macroscopically tensile stress is kept
constant, a power law fit indicated by the solid red line was found to describe the
relationship between these two quantities best. This allows a slight extrapolation of
this relationship beyond the case of 100 fibers failing simultaneously (which was
the largest number studied by numerical methods). Accordingly, the extrapolation
of the scatter band establishes an approximate area in Fig. 4.53 where signal
amplitudes of all fiber failures at a detector distance of 25 mm are expected
regardless of the orientation of the detector position relative to the source. It is
worth noting that at the distance of 25 mm, some of the weak fiber filament failures
are approaching the absolute detection limit of 10~'* m and thus may not be
detected in an experimental setup.

Signals of fiber bridging are found close to the intensities of single fiber failure
and due to the crack areas studied herein also have closely related crack areas. In
average these signal amplitudes are even lower, which is mostly due to the lower
macroscopic tensile load required to generate this failure mechanism and the
constrained movement due to the fibers bridging the crack walls. Hence these
signals also partially fall below the detection limit at 25 mm distance.

The different cases of inter-fiber failure studied in the previous section typically
show larger crack areas and, consequently, also larger signal amplitudes. For a
particular source mechanism, there is an almost linear relationship in the log-log
scale as indicated by the solid blue lines as a result from two power law fits for the
cases of inter-fiber failure due to o, and the inter-fiber failure due to 7L both with
varying crack lengths. However, it is difficult to spot a general relationship covering
all of the different load cases. Also, data points in Fig. 4.53 originate from all angles
of orientation relative to the source position as well as results from the unidirec-
tional plate and the cross-ply plate. Therefore the blue rectangle is sufficient to
cover all cases of inter-fiber failure studied herein and can thus be used as areal
representation of inter-fiber failure. Within this area all AE signals of inter-fiber
failure detected at 25 mm to the source should locate, regardless of their specific
type and angular position relative to the detector. The lower and upper boundary of
the rectangle in terms of the crack area are chosen arbitrarily at dimensions
approaching the range of the microscopic constituents of the composite on one
end and at dimensions approaching the cross-section of the plate investigated on the
other end. Hence these boundaries do not constitute absolute limits of the relation-
ship, but are limits dictated by the chosen size of the model.

For the case of inter-ply delamination, results of the unidirectional plate and the
cross-ply plate are shown in Fig. 4.53. Marked in green color, these seem to
generally exhibit lower AE signal amplitudes for the same crack area when
compared to inter-fiber failure. The result of a power law fit for the case of inter-
ply delamination due to 7), with varying crack area is shown as solid green line.
Based on the same considerations as for inter-fiber failure, the green rectangle is
established as area of largest likelihood for the location of AE signals due to inter-
ply delamination.
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To summarize the findings shown in Fig. 4.53, the marked areas related to the
occurrence of inter-fiber failure, delamination, and fiber breakage include all
extreme cases of signals as arising due to:

(a) Variation of detector position by an angle from 0° to 90°
(b) Signals of a unidirectional and a cross-ply laminate

(c) Variation of source strength at identical crack area

(d) Variation of source depth position within the laminate

As seen from Fig. 4.53, reasonable overlap between the calculated AE signal
amplitudes for the different failure mechanisms occurs. So based on this investiga-
tion, there is a general trend for the intensity range of the individual mechanisms, but
there is no decisive boundary to separate failure mechanisms based on their intensity
for the types of failure mechanisms studied herein. Such classification can instead be
achieved by means of suitable frequency analysis as discussed in Sect. 4.5.

To allow more general conclusions on detectability of AE signals in fiber
reinforced materials, the results of Fig. 4.53 may be further generalized with respect
to the attenuation of signals with distance to the source position. Considering the
signal attenuation, this allows establishing a 3D detectability diagram as derivation
of the 2D cross-section at 25 mm distance shown in Fig. 4.53. In the following a
value of 0.1 dB/mm was chosen as extreme case found for the T700/PPS plates
investigated.

In Figs. 4.54, 4.55, and 4.56, an extrapolation of the envelopes of each failure
type presented in Fig. 4.53 is extrapolated to a distance of 500 mm between source
and detector. For comparison the gray plane shows the upper level of the absolute
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Fig. 4.54 Extrapolation of envelope of out-of-plane component of acoustic emission signal due to
inter-fiber failure to 500 mm detection distance
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Fig. 4.55 Extrapolation of envelope of out-of-plane component of acoustic emission signal due to
interfacial failure to 500 mm detection distance
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Fig. 4.56 Extrapolation of envelope of out-of-plane component of acoustic emission signal due to
fiber breakage to 500 mm detection distance

threshold limit at 10~"> m. As seen in Fig. 4.54 for the case of inter-fiber failure, a
part of the signals falls already below this limit at 25 mm distance. Accordingly,
due to attenuation a larger fraction of signals falls below this limit at higher
distances. The 3D envelope shown in Fig. 4.54 may be used to estimate if a certain
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crack size will be detectable by means of AE measurements. As mentioned previ-
ously, the envelope was found to be applicable for all angles of detection relative to
the source and unidirectional and cross-ply stackings. However, results are based on
the material properties of T700/PPS, and the attenuation coefficient was assumed to
be linear and isotropic and constitutes an extreme value. Hence, the envelope may
be considered as conservative approach for detection probability of the AE method.

Similar diagrams are shown in Figs. 4.55 and 4.56 for the cases of interfacial
failure and fiber breakage. The case of interfacial failure may be readily understood
in analogy to the matrix cracking case, yet the overall number of signals that may
fall below the detection limit was assessed to be higher. Accordingly, less PoD may
be expected at higher distances as well. For the extrapolation of the envelope of
fiber breakage shown in Fig. 4.56, one remarkable difference arises. It was already
shown in Fig. 4.53 that a part of the signals corresponding to failure of weak
filaments falls below the detection limit already at 25 mm distance. Thus
Fig. 4.56 predicts the loss of all signals of single fiber filament failure after a certain
distance to the source. Since the occurrence of fiber breakage is a crucial indicator
to the structural health of a fiber reinforced composite, this is of vital importance.

For the T700/PPS material investigated here, this distance was evaluated at
400 mm distance. Keeping in mind the conservative assumptions made regarding
the attenuation coefficients, this distance might be estimated slightly too short but is
certainly within a realistic range.

4.3 Wave Propagation

After the emission of an acoustic wave by the source, the signal propagates into the
solid and is subject to geometric spreading. Upon propagation the wave is affected
by dispersion and attenuation effects due to dissipative mechanisms in the material
and formation of distinct wave modes in finite specimen geometries.

According to Landau and Lifschitz, the deformation of a solid causes heat to be
generated at the deformation zone which fluctuates in time and space. But if the
spatial heat propagation is slower than the oscillatory movements within the solid,
the deformations can assumed to be adiabatic [16]. For this case, the theory of
elastic waves describes the propagation of deformations within the solid for small
initial deformations. This yields the basic theoretical formulation for the under-
standing of acoustic emission given by the theory of elastic waves, which in general
requires solving the momentum balance equation for the case of negligible
Lagrangian inertia:

’u o
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Here p is the material density, u is the displacement, and ¢ is the stress tensor
derived from the generalized formulation of Hooke’s law:

c=C-¢ (4.12)

This equation, also known as constitutive relation, couples the stress tensor ¢ with
the deformation tensor € using the elasticity tensor C for the case of small elastic
deformations in a homogeneous medium. In general C is a fourth-order tensor with
81 elastic coefficients. Since the deformation tensor € is symmetric, the elasticity
tensor C exhibits the same symmetry constraints regarding index permutation,
which reduces the number of independent coefficients for a solid material to
21 [16]. The occurrence of symmetries within the solid reduces the number of
independent coefficients further. For the case of orthotropic materials like a com-
posite laminate, the elasticity tensor C can be reduced to a 6 x 6 matrix with nine
independent elasticity coefficients and one angle defining the axis orientation in the
xy-plane. Using the Voigt notation, the stress tensor ¢ can be reduced to a vector
with six independent components, and the deformation tensor ¢ is also written as a
vector with six independent components. Hence, (4.12) may be rewritten in matrix
form as

o1 Ci Cpp Ci3 0 0 0 £l
02 Cp Cn Cy 0 0 0 &
o3| | Ciz Cxn C3 O 0 0 &3
04 - 0 0 0 C44 0 0 €4 (413)
o5 0 0 0 0 C55 0 &5
O¢ 0 0 0 0 0 C66 &6
If the solid is isotropic, (4.13) is reduced to
o1 K+ 2¢ K K 0 0 0 £
02 K K+ 2¢ K 0O 0 0 &
o3 | _ K K k+2c 0 0 O &
04 - 0 0 0 (< 0 0 &4 (4 l4>
o5 0 0 0 0 ¢ O &5
o 0 0 0 0 0 ¢ £

The remaining two independent elements x and ¢ are named Lame’s constants.
These completely describe all elastic parameters for isotropic materials like
Young’s modulus Evy, compressive modulus E¢ , shear modulus Eg, and Poisson’s
ratio v.

3k + 2¢
Ey = 4.15
Y=¢ P ( )
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Ec :K+§g (4.16)
k(1 —-2¢)
Es =" (4.17)
K
= 4.18
v 2(k+¢) (4.18)

For such isotropic materials, (4.11) can be simplified using the Lame’s constants to

0%u

pwz(/H—g)V(VwH—,uAu (4.19)

The solution of (4.19) can then be formulated with scalar and vector potentials as
u=VX+V xwy. (4.20)

This yields the two independent wave equations in solid isotropic media:

1 0%
AX =—= — 4.21
¢ o (421)

1 0%y
Ap— LoV 422
Y=3n (422)

Equations (4.21) and (4.22) use the definition of the longitudinal and transversal
propagation velocities ¢y and ct for an elastic wave given as

_ Ey(l — I/)
LN T =2 (4.23)

With respect to the boundary conditions, (4.21) and (4.22) can be used to obtain
solutions for wave propagation in arbitrary geometries. In infinite isotropic and
homogeneous media equations, (4.21) and (4.22) have solutions of the form of a
monochromatic plane wave with an amplitude u, wave vector k, and angular
frequency w:

u(r,t) = u - e~ thr=on, (4.25)

Here the propagation velocities ¢, and ¢t are identical to the respective phase
velocities cp of the plane waves. The propagation of an elastic wave in this case
can thus be described by independent longitudinal wave and transversal wave
propagation.
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In general, for non-monochromatic waves and anisotropic or finite media, the
propagation velocity of the wave is the group velocity cg defined as

dw(k)
G =—=— 4.26
G =3 (4.26)
Similarly, the phase velocity cp is defined by the relationship between k and w,
which is called dispersion relation:

_ o(K)

For geometries of finite extent, acoustic wave propagation has to take into account
the respective boundary conditions. This ultimately results in wave propagation
which is “guided” by the geometry of the propagation medium. The most prominent
types of guided waves are the surface waves, which occur for a solid with free
surface. These were first predicted by Lord Rayleigh in 1885 for the special case of
an infinite solid with free surface. Later Stoneley and Love generalized Rayleigh’s
description for the case of a solid with an adjacent liquid half-space and planar
interfaces located between two half-spaces [44, 45]. The guided waves in such
structures with liquid-solid interfaces are hence often called Stoneley or Love
waves. For infinitely extended solids with two parallel free surfaces, H. Lamb
published the respective solutions for the wave equation in 1917 [46]. According
to the geometry of the propagation medium, the respective guided elastic waves are
commonly called “plate waves.” These guided waves are the dominant mode of
wave propagation in fiber reinforced structures, since these are often designed in the
geometry of shell-like structures. In other types of geometries like rods or cylinders,
similar types of guided waves exist. Due to the planar structure of the experimental
specimens used for the present study, the propagation behavior of guided waves is
very important and will be discussed in more detail in the following. For a closer
review about Rayleigh waves, the reader is referred to [47], while other types of
guided waves are comprehensively discussed in [48—50].

In order to understand guided waves, it is necessary to understand the behavior
of elastic waves at interfaces. The relevant physical quantity for this case is the
acoustic impedance Z, which is defined using the density p and the respective sound
velocity ¢; as

Z = pc;. (4.28)

If a planar acoustic wave arrives with orthogonal incidence to an interface, the wave
is partially reflected and transmitted dependent on the acoustic impedance of the
two materials. When the wave propagates from medium one with impedance Z; to
medium two with impedance Z, as shown in Fig. 4.57, the coefficients for reflection
Re and transmission Tr are given by

=7

Re =
Zr + 7,

(4.29)
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Fig. 4.57 Schematic
representation of law of
refraction for acoustic
waves (based on [35])

C2

R

(4.30)

For incidence angles other than 8, = 0°, the law of refraction is applied. In contrast
to electromagnetic waves, elastic waves usually undergo modal conversion during
transmittance; thus, longitudinal waves can be completely or partially converted to
transversal (shear) waves dependent on the incidence angle. In the most general
case, the law of refraction can be written for arbitrary combinations of longitudinal
and transversal sound velocities as

sin (1) _ a1
oy "o (4.31)

For certain incident angles, the transmitted parts of the elastic waves are of very
special nature. The most important among them are the surface waves which occur
for elastic wave incidence from gaseous or liquid media to solids under certain
angles. The total reflection condition for the longitudinal wave is termed first
critical angle and causes excitation of a creep wave propagating along the surface
of the solid having a propagation velocity identical to the longitudinal wave and a
fast energetic decay. More important for practical applications is the Rayleigh wave
which occurs under the second critical angle given by the total reflection condition
of the transversal wave. L. Bergman proposed an approximation formula for the
sound velocity of Rayleigh waves [51]:

0.874 + 1.12v
CR ~ 1+o cT (432)
The velocity of the Rayleigh wave is generally slower than the transversal wave
velocity of the solid. The amplitude of the Rayleigh wave decays exponentially
with depth position below surface level. This is the reason why these types of waves
are called “surface” waves as they propagate and interact only close to the solid
surface.

If the dimension of the solid is reduced and approaches the shape of a plate with
thickness z4, the surface wave is further influenced and another type of guided wave
propagation results. Such a plate with infinite extensions in the x and y direction and
a finite thickness in z-direction defines boundary conditions for the solution of the
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acoustic wave equation which result in a classic eigenvalue problem. The respec-
tive solution of the acoustic wave equation is given by:

Uy :fx(z)e—i(kx—mf)
uy, =0 (4.33)

u, = fz (Z>efi(kx7mt)

Equation (4.33) describes the propagation of an elastic wave in x-direction as
function of wave number £, frequency w, and as function of the z-position fi(z).
The (x, y) origin is located in the medial plane of the plate as shown in Fig. 4.58. The
specific type of guided plate waves described by (4.33) is referred to as Lamb waves
which exhibit no displacement in y-direction for an infinite plate. Complementary
to the Lamb waves, the so-called shear-horizontal waves exist, which have no
displacement in the x- or z-directions and thus propagate only in y-direction.

If the boundary condition o = 0 is applied at the surface level £0.5/ of a plate
with thickness #, this results in two characteristic periodic equations for symmetric
and antisymmetric motion with respect to the plane z =0 as schematically
represented in Fig. 4.58:

tan (0.5B4) LABR

— = — 3 (4.34)
tan (0.5 Ah) (kz _ gz)

~ ~N\2
tan (0.5 Bh) (k2 B2)

L= (4.35)
tan (o.s Ah) 4ABk
particle movement particle movement

surface ﬂ surface [\'
\J U

neutral axis neutrql axis
l h
(y ‘) \

surface U surface U

(x¥,2)=(0,0,0) 7 (xy2)=(0,0,0) -

propagation direction propagation direction

zI Antisymmetric (A) mode Symmetric (S) mode

X

Fig. 4.58 Schematic representation of symmetric and antisymmetric Lamb wave modes propa-
gating in x-direction with strongly emphasized surface motion (based on [35])
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Using the abbreviations A and B:

=2 _p (4.36)
L

~ a)z

B?=— —k* (4.37)
c1

The equations (4.34) and (4.35) implicitly relate the wave number k and the
frequency @ to the plate thickness h. Because the velocity of propagation is
dependent on the frequency, this results in dispersion. For Lamb waves the relation
between phase velocity cp and group velocity cg is thus given by

1
co = cplh) | 1 = ———— |. (4.38)
- h dCP
N d(wh)

The relationship between frequency, plate thickness, and phase or group velocity is
typically visualized within a set of dispersion curves for symmetric (S;) and
antisymmetric (A;) Lamb wave modes as well as the shear-horizontal modes
(SH;). An example of such dispersion curves for a 1.0 mm thick unidirectional
T800/913 composite plate using the material properties of Table B.1 in Appendix B
is shown in Fig. 4.59. Since the wave propagation is dependent on the orientation,
Fig. 4.59a displays the dispersion curves for a propagation direction parallel to the
fiber orientation. For a propagation direction perpendicular to the fiber orientation,
the dispersion curves appear differently as seen in Fig. 4.59b. This is due to the
acoustical anisotropy introduced by the orientation of the fibers.

The dispersion curves show the characteristic dependency of the phase velocity
and group velocity on the product w - 4 for the symmetric and antisymmetric wave
modes. The two fundamental modes exhibiting the lowest frequency for a given
wave number start at index i = 0, whereas higher-order modes are iterated consec-
utively. In principle, there are infinite numbers of Lamb wave modes, which can
exist within a plate. However, the types of modes faced most often in thin-walled
fiber reinforced structures are the fundamental symmetric mode (Sy) and antisym-
metric mode (Ag), often referred to as extensional and flexural mode.

In guided wave testing, Lamb waves are typically excited by a plane elastic wave
with appropriate angle of incidence ¢ as shown in Fig. 4.60. The excited wave
modes in turn depend on the used frequency and plate thickness. If the wavelength 4
of the used frequency is chosen inappropriately, the incident elastic wave is
reflected at the top and bottom boundaries and propagates in the same way as in a
bulk medium (Fig. 4.60, top). If the wavelength is sufficiently high or the thickness
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Fig. 4.59 Set of dispersion curves calculated for a 1.0 mm thick unidirectional fiber reinforced

material for propagation direction parallel to the fiber orientation (a) and perpendicular to the fiber
orientation (b)

z4 1s small enough, at the same angle of incidence, interference occurs and causes
excitation of Lamb waves (Fig. 4.60, bottom).

As discussed in Sect. 4.2, the excitation process of Lamb waves due to acoustic
emission sources is different and is affected by various additional factors.

One particular difference to conventional guided wave testing is the bandwidth
of AE sources. In guided wave testing, usually a center frequency is chosen, which
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neutral axis

neutral % h

>

X A>h Lamb-wave propagation

Fig. 4.60 Excitation by planar acoustic wave with angle of incidence ¢ and small wavelength 4,
(top) and larger wavelength 1, causing Lamb wave excitation due to interference (bottom) (based
on [35])

is enveloped by a Gaussian bell to yield a finite duration wave package. Although
the frequency content of such an enveloped center frequency is theoretically
infinite, still the dominating component is the center frequency. Therefore, one
can select a particular propagation velocity of a wave mode at a particular fre-
quency. Compared to that, AE sources typically show broad bandwidth, which is
not controlled by the operator, but controlled by the AE source. Consequently,
multimode excitation and variation of intensity as function of frequency may occur.

But even for equal intensity within a certain bandwidth, unequal excitation of the
according wave modes is found (cf. [31, 34]). As seen in Fig. 4.61 for
the calculations of a dipole source in aluminum plate as discussed in Sect. 4.2.1,
the source bandwidth falls in the range up to several MHz. Despite of the source
spectrum in Fig. 4.61a being smooth with frequency in the range up to 1 MHz, the
branches of the Sy mode and Ay mode are not excited equally, but predominantly in
local regions (see Fig. 4.61b). This translates in characteristic frequencies of
the final AE signal as seen in the respective frequency spectrum of the AE signal
(see Fig. 4.61a).

For other geometries as rods or cylinders, other types of guided waves exist,
which can also be excited by acoustic emission sources. Common to all guided
waves is the fact that these need a certain distance to fully develop. Typically this is
dominated by the relevant geometrical boundary constraint such as the plate
thickness or the rod diameter. Thus guided waves may only be interpreted after
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Fig. 4.61 Source spectrum of a buried dipole in an aluminum plate (a) and according Choi-
Williams distribution at 234 mm distance to the source showing preferential excitation of Lamb
wave modes (b)

some distance to the source. More information on this topic can be found, e.g., in
[48, 49, 52].

Lamb wave propagation in undamaged carbon fiber reinforced polymers (CFRP)
has been investigated extensively before [53-56]. Scattering of Lamb waves at
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internal damage, like cracks or delamination, is the key principle for structural
health monitoring of CFRP by guided wave testing [57]. The impact of such
discontinuities on acoustic emission analysis has been investigated less and is
therefore reviewed in more detail in Sect. 4.3.3. Since the guided wave propagation
is the carrier of information of AE source activity in the material, distortion of this
information due to interaction of Lamb waves with internal discontinuities is closely
related to the question of reliability of the information. Changes of modal intensity or
occurrence of alternative propagation paths due to scattering can readily affect source
localization accuracy and/or complicate source identification procedures.

In principle, numerical methods for analytical solutions to describe wave prop-
agation in multilayered structures were already given by Thomson and Haskell
[58, 59]. However, many numerical challenges like the problem of ill-conditioned
matrices as used for the transfer-matrix method had to be overcome. A good review
on those developments is found in [54]. Also, analytical predictions for wave
propagation in multilayered structures are given by Mal and Kundu for the case
of infinite half-spaces [60]. Compared to analytical solutions, a finite element
approach to model wave propagation in fiber reinforced materials is advantageous
in two ways. First, arbitrary geometries can be implemented without substantial
modifications of the chosen approach. In comparison, for analytical approaches
boundary conditions along with complex geometries are often difficult to imple-
ment. Second, three-dimensional FEM takes into account the boundary reflections
of edges and additional interfaces, which are rarely captured adequately by analyt-
ical approaches. As has been demonstrated by measurements using a laser
vibrometer, the accuracy of the FEM approach used in the following is sufficient
to describe acoustic emission signal propagation in a variety of cases [53, 61, 62].

In general, the propagation of the acoustic waves is subject to the boundary
conditions formed by the propagation medium geometry. In addition, the propaga-
tion of acoustic waves is subject to attenuation which significantly alters the
appearance of the waves as function of propagation distance and is therefore
discussed in the subsequent section.

4.3.1 Attenuation

The propagation of acoustic waves in an infinite isotropic medium exhibits no loss
of energy. However, for real materials, the elastic waves experience several attenu-
ation effects. As demonstrated by Auld, attenuation of acoustic waves propagating in
solids close to room temperature can be formulated by a viscous damping term
[63]. As shown in [55, 63-65], the acoustic wave attenuation is sufficiently described
by introducing a complex stiffness tensor C* linking the stress tensor o to the
deformation tensor &:

6=Cce (4.39)
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This formulation can be rewritten using complex elastic coefficients if the respec-
tive acoustic wave field has '’ time dependence:

C = (C+inC") (4.40)

Acoustic attenuation is then defined as decay of amplitude of an acoustic wave
between two observation positions 1 and 2:

2
Attenuation = 10log (e"’("""z)> dB (4.41)

This introduces the attenuation coefficient @ used as measure for the damping
properties of a material. The attenuation is typically expressed in the dB scale to
cover the large range of attenuation effects. As discussed by Pollock [66] and
Prosser [67] from the viewpoint of acoustic emission, there are five contributions
for attenuation of acoustic emission signals, which are discussed in more detail in
the following.

4.3.1.1 Geometric Spreading

In the near field, close to the acoustic emission source, geometric spreading is the
main reason for attenuation. This is caused by the spherical radiation of energy into
the solid volume, which results in an energetic decay per dihedral angle with
inverse propagation distance 7. When Lamb waves are excited, the attenuation in
the near-field range will even be more pronounced, since the elastic wave energy is
separated into the distinct symmetrical and antisymmetrical modes. In addition, the
Lamb waves suffer from velocity dispersion as will be described below. According
to [67] for the case of Lamb waves, the distance of dominating attenuation by
geometric spreading was estimated as r < 4.34/a.

4.3.1.2 Thermoelastic and AKkhiezer Dissipation

In the far field of the acoustic emission source, the main contribution to attenuation
at room temperature originates from the thermoelastic mechanism and the Akhiezer
mechanism. The first one results from irreversible heat conduction originating from
compression during propagation of the longitudinal wave. The second mechanism
arises from the disturbance of the equilibrium distribution of thermal acoustic
waves (phonons). The propagation of a coherent acoustic wave disturbs the equi-
librium positions of the phonons and thus leads to a dissipative energy contribution.
For homogeneous isotropic solids, the thermoelastic and the Akhiezer mechanism
result in attenuation for elastic waves dependent on the square of the oscillation
frequency o’.
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4.3.1.3 Dispersion

For guided waves in anisotropic solids, even more effects contribute to the total
acoustic attenuation. Specifically for the case of Lamb waves, the total attenuation
is affected by spatial dispersion and frequency dispersion [68]. Attenuation from
spatial dispersion is caused by the dependency between phase velocity and wave
vector inherent in (4.34) and (4.35). As discussed by Ward et al. for dispersive
media, the phase velocity is directly linked to the attenuation by Kramers-Kronig
relations deduced from the principle of causality [69]. The effect of attenuation due
to frequency dispersion arises in propagation of non-monochromatic wave pack-
ages. Since each frequency component travels at a distinct velocity, an initially
short pulse begins to spread in time during propagation. This causes attenuation
with propagation length. For the case of Lamb waves, this is of great importance
since the different modes exhibit different a-coefficients. For CFRP plates the
attenuation of the antisymmetrical modes is still higher than the attenuation of the
symmetrical modes. This effect superimposes the thermoelastic effect, since the Sy
Lamb wave mode typically shows higher frequencies than the Ao Lamb wave mode
and consequently is attenuated more [67].

4.3.1.4 Scattering

In addition, for wavelengths approaching the dimensions of included inhomogene-
ities, strong scattering of the elastic waves can occur. Typical examples are the
grain structure within metals, fibers in composites, or voids. This can also result in
severe attenuation and has to be taken into account when discussing attenuation
effects.

4.3.1.5 Dissipation into Adjacent Media

In experimental environments acoustic emission signals propagate within a mate-
rial under testing, which typically is in contact with adjacent media like, e.g.,
fixtures or supply pipes. Because a partial transmission of the acoustic emission
signal into adjacent media results in a respective loss of the reflected wave, such
losses can be fairly large and thus can even dominate the acoustic attenuation.

4.3.1.6 Modeling Attenuation

Moreover, attenuation in fiber reinforced structures also depends on the orientation
of the fibers in the laminates. To demonstrate this effect of acoustic anisotropy, Ono
and Gallego conducted measurements of the signal attenuation in AS4/3502 plates
(see Table B.1 of Appendix B) using piezoelectric pulsers (see [70] for details).
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Fig. 4.62 Comparison between normalized experimental attenuation measurements and simula-
tion result using complex elastic coefficients for the Sy mode (a) and the Ao mode (b)

Figure 4.62 shows a comparison of these measurements of a unidirectional plate to
respective results of modeling work using the complex elastic coefficients given in
Appendix B. As seen from Fig. 4.62 as a function of the distance to the source, the
detected amplitudes decrease significantly. In the model the total attenuation is due
to geometric spreading (result of using real part of stiffness tensor) but also due to a
contribution of thermoelastic dissipation (taken into account by the complex elastic
coefficients). Moreover, there is a difference in the attenuation of the two funda-
mental modes as seen by comparison of Fig. 4.62a, b.


http://dx.doi.org/10.1007/978-3-319-30954-5_BM1

206 4 Acoustic Emission

unidirectional
cross-ply
quasi-isotropic

unidirectional

90° 80° — cross-ply 90° 80°

70° —— quasi-isotropic

70°
60°

50°

20°

10°

—0 0°
attenuation attenuation

Fig. 4.63 Comparison between normalized attenuation levels of unidirectional, cross-ply, and
quasi-isotropic stacking for the Sy mode (a) and the Ay mode (b)

The specific challenges arising in arbitrary stackings of laminates are shown in
Fig. 4.63a, b. As seen in the comparison of the three different stackings in one polar
diagram, each layup causes different attenuation levels as a function of distance to
the source. Also, the ratio of attenuation between Sy mode and Ay, mode is
influenced by the layup investigated. In particular for the Sy mode, the effect of
the change in in-plane stiffness (dominated by the fiber orientation) is clearly seen.

In general, these attenuation effects will cause difficulties to interpret the signals
after a certain distance of propagation, since the information included in the signals
is altered, and in polymeric materials, the higher-frequency components are atten-
uated faster due to the thermoelastic dissipation. This will render signals useless for
frequency interpretation after a certain distance and has to be included in predictive
tools to account for this effect. For the modeling part, the usage of complex elastic
coefficients according to the approach by [55, 64] is found to be a suitable approach
to account for this effect in FEM. However, care has to be used for those frequency
ranges, where strong changes to the complex elastic coefficients occur. As reported
by [64], the values of the complex stiffness tensor are usually a function of the
frequency of propagation and therefore have to be implemented as such in a
modeling environment if not constant within the investigated bandwidth.

4.3.2 Influence of Geometry

Similar as the propagation within an attenuating medium, a change of the boundary
conditions of the propagation medium can have a substantial impact on the acoustic
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emission signal. For the case of fiber reinforced materials, this mostly refers to
changes in the specimen geometry, changes of the stacking sequence, and changes
to the material configuration.

In Fig. 4.64a, b, modeled signals for a fiber breakage source are shown as
calculated for a unidirectional T800/913 material using the material properties
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Fig. 4.64 Influence of specimen width at 1 mm thickness (a) and specimen thickness at 10 mm
width (b) on detected signals of a fiber breakage source model in 30 mm distance
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from Table B.1 in Appendix B. The acoustic emission signals are evaluated as out-
of-plane displacement in 30 mm distance to the source position. The width of the
specimen and the thickness of the specimen are varied as noted in the Fig. 4.64a, b,
respectively. While changes of the specimen width mainly affect the presence and
intensity of the edge reflections, changes of the thickness apparently have larger
impact on the signal frequency content. Due to the nature of plate waves, their
frequency content is implicitly related to the thickness of the plate. This causes a
substantial change of the AE signal frequency, being the highest for the thinnest
specimen thickness.

Similar changes to the frequency content are observed, when the acoustic wave
passes a plate section with a gradual increase of the thickness. Such gradual changes
of the specimen thickness have similar impact on the signal frequency content as a
propagation medium with different thickness. However, additional attenuation
effects occur due to the change in propagation volume. Figure 4.65 presents a
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Fig. 4.65 Model setup showing wedge profile and comparison of signals after propagating
100 mm distance with and without presence of a wedge to increase the plate thickness
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Fig. 4.66 Influence of stacking sequence on detected signals of a fiber breakage source model in
30 mm distance

comparison of signals detected in a 1 mm thick T800/913 unidirectional fiber
reinforced polymer plate with properties of Table B.1 in Appendix B. One curve
shows the reference signal detected as out-of-plane displacement in 100 mm
distance to a dipole source buried in the plate. The other curve is the signal detected
in the same distance after passing through a wedge section increasing the thickness
to 2 mm using a wedge length of 10 mm.

As further parameter, the stacking sequence is varied, and its influence on the
signal emitted by the fiber breakage source model is shown in Fig. 4.66. Three
different configurations of identical plate thickness of 3 mm were chosen, compris-
ing a unidirectional, a cross-ply [0/90/90/0]ym, and a quasi-isotropic [90/-45/45/
0]sym stacking sequence. As seen in Sect. 4.3.1, these different stacking sequences
translate into different acoustic properties, which have a significant impact on the
visual appearance and frequency content of the AE signals, as well as on the arrival
time of the signals.

Further complications arise, when the material is not only anisotropic but also
inhomogeneous as for the case of metallic liners attached to the composite or hybrid
plates of fiber reinforced materials interspersed with metallic sheets. First, the
influence of the thickness ratio between layers of aluminum and a fiber reinforced
material is investigated as demonstrated in [53]. Using the results of aluminum and
T800/913 unidirectional CFRP with values as given in Table B.1 of Appendix B, a
combination of both materials is investigated as a two-layer system. The thickness
ratio between aluminum and CFRP is systematically varied while keeping the total
thickness of 1 mm. Simulated signals shown in Fig. 4.67 are for an AE dipole
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Fig. 4.67 Simulated signals of AE dipole source in two-layer system with varying thickness ratio
between aluminum and T800/913 unidirectional CFRP obtained at 100 mm distance for 90°
propagation angle. (a—c) show Choi-Williams distribution (logarithmic scale) of selected config-
urations with superimposed dispersion curves; (d) shows comparison of all configurations (based
on [53])
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Fig. 4.67 (continued)

source buried in the CFRP part with axis orientation along the y-axis that is detected
at 100 mm distance under 90° propagation angle on the top surface (composite side)
of the plate. To identify particular Lamb wave modes, the CWDs shown in Fig. 4.67
are superimposed by results of dispersion curve calculations following
reference [71].
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The separation in time of the Sy mode and Ay mode is observed strongest in
homogeneous CFRP and weakest in homogenous aluminum. The modes of the
signal shown in Fig. 4.67b are identified as symmetric and antisymmetric motion
relative to the midplane of the plate. However, there is no match between the
detected Lamb wave modes and the dispersion curve calculations for the individual
materials. Therefore, the Lamb wave propagation seems to occur as a motion of the
complete plate for this case.

For varying ratio between aluminum and CFRP, a systematic transition of signal
shape and propagation velocities is found. Similar to the Sy mode, the signal shape
of the Ap mode is changed continuously between the two extreme values of only
CFRP and only aluminum, while the amplitude is subject to a nonlinear transition.
There is significant influence on the propagation velocity of the So mode and the Ag
mode when the thickness ratio between aluminum and CFRP is changed. As
demonstrated in [53], the agreement between the simulated velocities and those
obtained from the rule of mixture of the velocities of both materials indicates that
the velocity of Lamb wave propagation of the Sy mode is governed by the average
elastic properties of the materials involved. This is of particular interest for AE
source localization approaches that are based on the initial threshold crossing. A
similar transition of propagation velocities is found for the Ay mode. However, a
direct application of the rule of mixture does not capture the changes in propagation
velocity. This is due to the correlation of the Ay mode velocity with the overall
bending stiffness of the plate, which cannot be obtained from a direct rule of
mixture calculation of the individual sound velocities of the materials involved.

Also, the ratio between anisotropic and isotropic material seems to be the key
factor for the changes in signal propagation. Thus for thickness ratios as typically
faced for thin liner materials (<0.125 of the total thickness), the influence of the
liner on signal propagation can assumed to be minimalistic.

For an increased total thickness of the plates, more than the two fundamental
Lamb wave modes can be identified in the CWD. For a case with 2.00 mm
thickness, two propagation modes are found at the beginning of the signal. These
originate from a Sy mode Lamb wave of the hybrid plate and an additional guided
wave propagating in the CFRP layer [53].

This effect is seen best in the signals detected at 0° propagation angle, as shown
in Fig. 4.68. The comparison of the signal detected on the aluminum side
(Fig. 4.68a) and detected on the composite side (Fig. 4.68b) demonstrates the
distinct difference of the signals. While both signals exhibit the same intensity of
Ap mode and S| mode, the additional propagation of the Sy mode is seen only for the
detection on the composite side.

This demonstrates that Lamb wave propagation in such multilayered plates can
take place as motion of the complete plate, but also as a guided wave in only one of
the layers.
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Fig. 4.68 Choi-Williams distribution (logarithmic scale) of simulated signals of AE dipole source
in a two-layer system with total thickness of 2.00 mm obtained at 100 mm distance for 0° prop-
agation angle on aluminum side (a) and composite side (b) (based on [53])
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4.3.3 External and Internal Obstacles

So far the acoustic wave propagation was discussed for undisturbed media, which is
certainly not the case for a loaded composite structure with a continuously increas-
ing amount of damage. Therefore, the influence of pre-damaged structures on wave
propagation has to be considered for valid interpretation of acoustic emission
signals from composites. Due to the controlled situation, the previously validated
finite element method is further applied to account for the presence of several types
of external and internal obstacles. Within this section only aspects of wave prop-
agation are discussed. The influence on source localization methods will be
presented in Sect. 4.6 and the impact on source identification in Sect. 4.5.

The model setup used in the following is shown in Fig. 4.69. A rectangular plate
of 200 mm x 200 mm size and 1 mm thickness is used as propagation medium. For
evaluation of the signals, a unidirectional CFRP plate was selected as propagation
medium, since this exhibits a maximal elastic anisotropy.

The elastic properties of a unidirectional T800/913 CFRP plate are used as given
in Table B.1 of Appendix B. The fiber direction of the unidirectional laminate is
oriented along the 0° axis as noted in Fig. 4.69. Two symmetry planes were chosen
to reduce the volume modeled to one quarter of the overall volume. The symmetry
planes are the yz- and xz-plane with respect to the origin of the coordinate system.

As acoustic emission source, a point couple was defined following [61, 62]. The
position of the source was at (x, y, z) = (0.10, 0.00, 0.53) mm, slightly asymmetric
with respect to the midplane of the plate, to excite a reasonable amount of Sy and A,
Lamb wave modes at the same time. A linear ramp function with excitation time
te = 1 ps and maximum force Fi,.x = 3N is used:

CFRP (unidirectional 0°)

points for signal detection
0°: (x,y,z) = (100,0,1) mm

45°: (x,y,z) = (71,71,1) mm

90°: (x,y,z) = (0,100,1) mm

model source —— g3

L .0 mm

z damaged area (e.g. crack)
V\L'X origin (x,y,z) = (0,0,0) mm

Fig. 4.69 Three-dimensional model setup used for simulation of Lamb wave propagation includ-
ing details for signal detection points and position of obstacle (e.g., crack position)
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Fig. 4.70 Three-
dimensional model
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Fig. 4.71 Three-dimensional model geometry used for simulation of inter-fiber cracks (cut
parallel to fiber axis direction) (reprinted from [62])
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The obstacle was placed with midpoint at a distance of 50 mm in x-direction to the
source. In the following, the influence of the presence of rivets, bolts, holes, inter-
fiber cracks, broken fibers, and delamination is discussed. Each of these obstacles
refers to one prototype of discontinuity. Rivets and bolts are through-thickness
metallic enclosures that allow direct transmission of elastic waves, but are expected
to cause wave scattering due to their acoustic impedance mismatch. All signals are
evaluated at 100 mm distance to the AE source in 0°, 45°, and 90° propagation
direction as z-displacement of the plate. For further details of this study, the reader
is referred to [61, 62].

Details of the geometries chosen for rivets and holes are given in Fig. 4.70. All
metallic parts marked in red are modeled as high-strength alloy steel parts, with
elastic properties as listed in Table B.1 in Appendix B.

Inter-fiber cracks (also called transverse cracks) weaken the link between neigh-
boring fibers and can thus affect the transmission of acoustic waves. In the chosen
configuration, the growth direction of such cracks is along the fiber axis direction
(0°). From the perspective of wave propagation, the worst case is a growth of such
cracks through the complete thickness. This configuration is studied here as cut of
25 pm width ranging from the top to the bottom of the plate and various lengths as
shown in Fig. 4.71.

As further prototype, rupture of fibers can accumulate locally and can become a
macroscopic crack. This is modeled as a 100 pm thick cut perpendicular to the fiber
axis direction as shown in Fig. 4.72. Since such crack growth typically initiates
ultimate failure of the load-carrying structure, three depths of the cut were
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Fig. 4.72 Three-dimensional model geometry used for simulation of broken fibers (cut perpen-
dicular to fiber axis direction) (reprinted from [62])
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Fig. 4.73 Three-dimensional model geometry used for simulation of inter-ply delamination (cut
parallel to fiber axis direction) (reprinted from [62])

investigated to study the influence on wave propagation. The depth of 0.5 mm
already refers to a significant amount of damage, reflecting a rupture of more than
800,000 fiber filaments. Also, for bending loads, the initiation of these cracks is
typically found on the surface of the structure. Therefore, the current geometry of
broken fibers starting at the surface exhibits an asymmetric location of the crack
with respect to the midplane.

Finally, inter-ply delamination is an in-plane discontinuity that weakens the
local bending stiffness of the plate. This is often encountered in fiber reinforced
structures as a consequence of impact damage, excessive loading, or even as residue
of the manufacturing process. Since this can occur in various extents, three different
sizes were investigated to reflect reasonable variability of the size of the
delaminated area. For all configurations a thickness of the delamination of 50 pm
is chosen centered within the plate (Fig. 4.73).

4.3.3.1 Reference Case

In the following the influence of the modeled obstacles is demonstrated. Figure 4.74
shows the CWD of the calculation result for signal propagation along the 0° axis of
the unidirectional CFRP plate. The CWD in Fig. 4.74a uses a different color,
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Fig. 4.74 Simulation results of signal propagation at 100 mm distance along 0° direction in
unidirectional CFRP. Truncated time scale shows Sy mode (a) and full time scale shows Ay mode
(b) (reprinted from [62])

frequency, and time range as Fig. 4.74b, which is necessary to visualize the Sy mode
at the initial part of the signal. To identify particular Lamb wave modes, the
dispersion curves of the fundamental modes were calculated.

As indicated by the superimposed dispersion curves for the Sy mode at 100 and
300 mm source distance, the Sy mode is reflected at the edge of the plate in
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Fig. 4.75 Comparison of simulated wave fields z-displacement for reference case at t =20 ps (a)
and at =40 ps (b) after signal excitation (reprinted from [62])

x-direction and is detected twice. The shape of the Aj mode shown in Fig. 4.74b
agrees well with the calculated result of the dispersion curve for 100 mm distance.
The small dips in the curve seen at 52 and 62 ps are caused by multiple reflections
of the Sp mode, which has been reflected at all edges of the plate at this time. The
calculation results for the CFRP plate without defects in Fig. 4.74 will act as a
reference case to evaluate the influence of any obstacles modeled within the
propagation path.

The wave fields obtained for the reference case without obstacles are shown in
Fig. 4.75a, b for two distinct times # =20 ps and =40 ps after signal excitation.
Effects of edge reflections and modal conversions are easy to spot in these stills of
the wave field.

4.3.3.2 Rivets and Bolts

Bolts and rivets are commonly used as fasteners in CFRP structures and are
frequently encountered during testing of real structures. The calculation result for
signal propagation in the presence of such obstacles is shown in Fig. 4.76 with time,
frequency, and coefficient range settings slightly different to Fig. 4.74. As observed
from Fig. 4.76a, shape and intensity of the Sy mode are influenced by the presence
of the rivet within the propagation path. The intensity is less than for the reference
structure. On the one hand, this is caused by the acoustic transmission coefficient
(0.75) of the CFRP-metal and metal-CFRP interface in 0° direction calculated
under the assumption of planar wave incidence. On the other hand, interfaces are
likely to cause modal conversion. For the current case, a significant part of the
incident Sy mode is converted to an Ay mode radiating away from the rivet (cf. also
Fig. 4.77). This causes an additional emission of an Ay mode that is ahead of the Aq
mode originally emitted by the point source. Thus, determination of the correct
arrival time of the Ay mode with respect to the point source is almost impossible.
The presence of the rivet causes a strong interaction with the incident Lamb
waves. As seen in Fig. 4.77a, the interaction of the rivet with the Sy mode causes
excitation of a strong secondary Ay mode with almost circular radiation pattern
around the center of the rivet. The only explanation for this is a modal conversion of
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Fig. 4.76 Simulation results of signal propagation at 100 mm distance along 0° direction in
unidirectional CFRP with included rivet. Truncated time scale shows Sy mode (a) and full time
scale shows Ay mode (b)

the primary Sy mode to a secondary Ay mode, since the primary Ay mode did not
arrive at the rivet for 1 < 20 ps. In Fig. 4.77b, the wave field for t =40 ps shows the
interaction of the Ao mode with the rivet. Similar as for the incident Sy mode, the Ag
mode is partially reflected at the rivet.
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Fig. 4.77 Comparison of simulated wave fields z-displacement for rivet obstacle at =20 ps (a)
and at =40 ps (b) after signal excitation (reprinted from [61])

4.3.3.3 Holes

Holes in CFRP are another type of acoustic obstacle often encountered in technical
CFRP structures. These can originate from drilling processes or represent seriously
damaged areas, e.g., after high-velocity impacts. As shown in the CWDs in
Fig. 4.78 with settings identical to Fig. 4.74, the influence of this kind of obstacle
is more severe than the influence of the rivet. As seen in Fig. 4.78a, the presence of
the through-thickness hole causes less-intense transmission of the initial Sy mode as
compared to the reference case. Also, the shape of the hole results in a second
emission of a Sy mode with a virtual source position located at the center of the hole.
This process is observed in more detail in the wave fields of Fig. 4.79a, b. As soon
as the wavelength of the Ay mode becomes sufficiently larger than the diameter of
the hole, there is no interaction with the hole. Thus, only the short wavelengths of
the Ao mode (i.e., the initial part) are affected by the presence of the hole and are
scattered at the obstacle.

4.3.3.4 Inter-fiber Cracks

Inter-fiber cracks are one of the basic damage types found in fiber reinforced
composites. These are cracks with propagation direction perpendicular to the
fiber axis direction. Since the strength of the direction perpendicular to the fiber
axis is the weak link between the fibers, this type of damage is observed frequently
in composite structures. In the current configuration, the inter-fiber crack is
modeled as crack-through process, i.e., the crack reaches from the top to the bottom
of the plate. The length of the inter-fiber crack is varied between 5 and 20 mm to
cover a broad range of macroscopic crack sizes.

As seen in Fig. 4.80, the Sy mode detected in these damaged structures has only
negligible differences when compared to the reference case (black line). But there is
a detectable influence of the presence of the inter-fiber cracks on the initial part of
the Ay mode. For the various lengths of 5, 10, and 20 mm of the inter-fiber crack, no
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Fig. 4.78 Simulation results of signal propagation at 100 mm distance along 0° direction in
unidirectional CFRP with hole. Truncated time scale shows Sy mode (a) and full time scale shows
Ao mode (b) excitation (reprinted from [61])

significant differences are observed relative to each other besides a small signature
at 63 ps.

For the inter-fiber cracks, only weak interaction with the Sy mode and Ay mode is
found as seen in Fig. 4.81a, b.
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Fig. 4.79 Comparison of simulated wave fields z-displacement for hole obstacle at =20 ps (a)
and at t =40 ps (b) after signal excitation (reprinted from [61])
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Fig. 4.80 Simulation results of signal after propagation of 100 mm along 0° direction in
unidirectional CFRP with inter-fiber cracks of various lengths (reprinted from [62])
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Fig. 4.81 Comparison of simulated wave fields z-displacement for inter-fiber crack at =20 ps
(a) and at =40 ps (b) after signal excitation (reprinted from [62])
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4.3.3.5 Broken Fibers

Among the damage types found in fiber reinforced composites, a rupture of the
load-bearing constituents is the most severe damage. In the model, the presence of
such discontinuous fiber filaments is taken into account by an air gap with extension
perpendicular to the fiber axis direction (cf. Fig. 4.72). To consider the various
degrees of damage for this type of failure, the depth of the air gap in the plate
thickness direction is varied between 0.125 and 0.500 mm.

As seen in Fig. 4.82, the influence of the discontinuity on the first arrival of the So
mode (¢ < 20 ps) is negligible for all cases investigated. Dependent on the through-
thickness dimension of the modeled discontinuity, a secondary peak arises around
35 ps. This is caused by modal conversion of the incident primary Sy mode at the
discontinuity into a secondary A, mode and into a secondary S, mode (see
Fig. 4.83a, b). The later parts of the signal (#>40 ps) are also affected by this
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Fig. 4.82 Simulation results of signal after propagation of 100 mm along 0° direction in
unidirectional CFRP with broken fibers modeled with various dimensions (reprinted from [62])
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interaction, which results in a superposition of the incident Ay mode with the
multiple reflections of the secondary modes. It is worth noting that the model is
energy conservative. Still, the calculated amplitude of the signals is distinctly
different. This is solely caused by the presence of the broken fibers, which are
responsible for a preferential distortion of the displacement field resulting in a
transfer of energy from the in-plane displacement to the out-of-plane displacement.

4.3.3.6 Delamination

Inter-ply delamination is one of the most common types of damage found in fiber
reinforced composites, since it is often caused by local impact or as residue of a
manufacturing error. During mechanical testing of fiber reinforced structures,
delamination can evolve step by step and can affect the elastic properties along
the signal propagation path. Thus, the influence of delamination on the detected AE
signals is of considerable interest. To resemble the variety of dimensions of inter-
ply delamination, the size of the delaminated area in the in-plane direction was
varied between 5 and 20 mm (cf. Fig. 4.73).

Figure 4.84 shows the calculated signals for all three inter-ply delamination sizes
investigated and the reference signal for comparison. For the Sy mode, there are
only negligible differences observed to the reference case. Since propagation of the
So mode is dominated by the in-plane stiffness, this is explained by considering a
multilayer specimen composed of 950 pm CFRP and 50 pm air. The in-plane
stiffness of such a plate is almost 95 % of the stiffness of a 1000 um CFRP plate.
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Fig. 4.84 Simulation results of signal after propagation of 100 mm along 0° direction in
unidirectional CFRP with inter-ply delamination of various dimensions (reprinted from [62])
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Fig. 4.85 Comparison of simulated wave fields z-displacement for delamination at r =20 ps (a)
and at =40 ps (b) after signal excitation (reprinted from [62])

A larger influence is observed for the propagation behavior of the Ay mode. The
shape and intensity of the Ay modes differ from the reference signal due to the
change of local bending stiffness as introduced by the inter-ply delamination. With
increasing size of the inter-ply delamination, the deviation compared to the refer-
ence case increases as well.

As seen in the wave field in Fig. 4.85a, b, for the delamination case, only weak
interaction with the Sy mode and the Ay mode is found.

4.3.3.7 Influence on Signal Arrival Times

As pointed out in the previous sections, obstacles like rivets, holes, or inclusions as
well as the occurrence of damage can have severe impact on the transmittance of
acoustic waves. Since damage may evolve during loading of the material, their
sudden presence may alter the transmission path between an AE source and the AE
sensor. Therefore, the acoustic emission signals calculated for the damage config-
urations are also evaluated with respect to the arrival time of signal.

In Fig. 4.86, the extracted initial arrival times are shown for all damage config-
urations (inter-fiber failure, inter-ply delamination, and broken fibers) and the
reference case in 0°, 45°, and 90° propagation direction. The largest influence of
the internal damage types is found for the 90° propagation direction, which dem-
onstrates that the complete wave field is affected by the presence of the damage and
not solely the part of the wave propagating through the obstacle (0° direction).

Based on the maximum deviation of 4.2 ps to the reference case of the calculated
arrival time of the Sp mode in 90° propagation direction, a corresponding error of
localization in the range of several centimeters can be expected. The estimation is
based on the calculated group velocity of the Sy mode in 90° propagation direction.
A significantly larger influence was found for the arrival time of the Ay mode (not
shown in Fig. 4.86). Due to modal conversion occurring at the internal damage, the
arrival of the first detectable Ay mode is 48.6 ps ahead compared to the reference
case in one configuration. However, this is not the arrival of the primary Ay mode
as discussed before. For the majority of the cases studied, the arrival times of
the Ay mode are within 10 ps difference to the reference case. Consequently,
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Fig. 4.86 Calculated arrival time of Sy, mode for the various configurations of internal obstacles
and internal damage in comparison to the reference case for 0°, 45°, and 90° propagation direction
(reprinted from [62])

for localization methods using arrival times of both fundamental Lamb wave
modes, the observed difference in arrival time of the A, mode might have a large
impact as well.

4.4 Detection of Acoustic Emission Signals

The detection of an acoustic emission signal occurs at the surface of a solid. The
most common type of measurement uses the sensitivity of piezoelectric materials to
detect the wave amplitudes down to the order of 10~ "*~10"'* m [42, 43]. In many
cases this piezoelectric element is included within a protective housing and
connected to the surface by a viscous coupling medium [72]. There is a large
variety of acoustic emission sensors available today, which are almost completely
based on piezoelectric detector materials, such as lead zirconate titanate Pb
[Zr,Ti; _ . ]O3 (PZT) or lead metaniobate PbNb,Og (PM) [73]. As technical alter-
native to piezoelectric materials, various other detection methods were proposed.
While mostly capacitance sensors were used in the past decades for broadband
applications [74, 75], recently other methods using fiber Bragg gratings (resonant)
[76=79] or laser interferometers (broadband) have demonstrated their feasibility as
approaches to detect AE [80, 81].
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The main purpose of the acoustic emission sensor is the conversion of surface
motion of the solid to an electric signal. For the piezoelectric sensors, this conversion
is based on the piezoelectric effect which is directly related to the occurrence of
electric dipole moments within piezoelectric materials. For the case of PZT, these
dipole moments result from the asymmetric charge density located within the oxygen
octahedron. The magnitude of the dipole moment along the axis of the octahedral is
directly proportional to the applied mechanical stress along that direction.

The fundamental equation for the electrical displacement D of a material with
electrical permittivity £ within an electric field with strength E is given by

D=¢-E. (4.43)

In combination with Hooke’s law, this yields the coupled equations of the piezo-
electric effect in stress-charge form:

D=S¢+¢-FE (4.44)
c6=C-¢e-S"E (4.45)
The coupling matrix is given by the direct S and inverse S piezoelectric constants,

which can be written in the stress-charge form for a C4,-crystal class as for the case
of PZT using the Voigt notation as

€1
D, 0 0 0 0 S5 0\][*?
Dyl=[0 0 0 S, 0 0 ?
D; Ssi S» S 0 0 0 ¢
£5
£6

+{ 0 & O 155) (4.46)

o1 Ci Cp C3z 0O 0 O £
) Cho Cn Cx3 0 0 O &
o3| | Cizs Cxs Ciz O 0 0 €3
os | 0 0 0 Cyu O 0 £4
o5 0 0 C55 0 &5

06

0
0 0 0 0 C66 &6

125 (4.47)
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Thus the lattice deformation of a piezoelectric solid results in an electric field,
which is called the direct piezoelectric effect and is typically used in sensor
applications. Complementary, the application of an electrical field on a piezoelec-
tric material causes a mechanical displacement known as inverse piezoelectric
effect which is instead often used in actuator elements.

Although such piezoelectric sensors are very sensitive to detection of surface
displacements, they show intrinsically resonant behavior. This resonant frequency
response is caused by the piezoelectric material properties and the finite dimensions
of the sensing element. For the frequently used geometrical shape of a disk, the
possible resonances are for movements along the thickness direction, movements
along the radial direction, as well as due to torsional movement. These effects
superimpose the frequency characteristic of the detected elastic wave. Conse-
quently, for interpretation of the frequency distribution of the acoustic emission
signals, the effect of the sensor has to be taken into account, which is discussed in
more detail in Sect. 4.4.1.

A related concept dealing with such characteristic system responses is the
convolution theory. The output function A(#) of a system is given by the convo-
lution integral of input function /g(f) and the transfer function Z(7):

—+00

ha(t) = J hg(t) - E(¢ —1)dr. (4.48)

—00

The transfer function itself is defined as the response of the system to a 6-function in
the time domain as

E(r) = J+w he(t) - 6(f — 1)dr'. (4.49)

For most considerations, (4.48) is transferred to the frequency domain by Fourier or
Laplace transformation using the complex frequency w*:

N (0") = hg (0") - E(a)*) (4.50)

Thus in the frequency domain, the system output is simply given by multiplication
of the input function by the transfer function. Moreover, transfer functions of
concatenated systems can be written as product of each singular transfer function.
With respect to the case of acoustic emission detection, this can be expressed
according to [2, 52, 82] as

[

~ * N = =1 * *

uAE(a) ) = ds(a) ) -:.med(a) ) -ngeo(a) ) ~:.S€n(a) ) . amp(a) ) (4.51)
This includes the acoustic emission source-time function d (w*) in the frequency
domain, the influence of the propagation medium Eyeq ("), its geometry Egeo (@),
the sensors response Eqen (@), and the characteristic of the amplifier Z,pp(@*) of

the recording equipment. Figure 4.87 shows exemplary frequency spectra of these
transfer functions illustrating their influence on the final acoustic emission signal.
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As already pointed out by Giordano et al. [2] and Wilcox et al. [10], it is possible
to evaluate each transfer function of (4.51) independently. Consequently, an appli-
cation of the deconvolution analysis according to [27] to (4.51) can deduce the
source function 35 (a)*) from the recorded signal uag (w™*) if all other transfer
functions are known.

Usually the influence of the propagation medium Epeq () and its geometry

[

geo (a)y) cannot be separated sufficiently. Moreover their exact appearance is also
correlated to the propagation path of the acoustic wave. Therefore analytical
solutions for these two contributions are usually approximated by idealistic
assumptions on the medium influence and assumptions with respect to the real
geometry, typically applying infinite extensions along one or more axis [21, 22,
29, 30].

In contrast, the estimation of the transfer function of the sensor and the amplifier
is an experimentally well-established procedure. While the characteristic of the
amplifier can easily be obtained by a network analyzer, the measurement of the
transfer function of acoustic emission sensors, also known as primary absolute
calibration, is more difficult. Several experimental methods are thus established for
primary absolute calibration of acoustic emission sensors. The most common are
the step-function calibration according to ASTM E 1106 and the reciprocity
calibration according to NDIS 2109. Originally, Breckenridge et al. applied a
capacitive sensor for primary absolute calibration of piezoelectric sensors [83]. In
recent years laser vibrometers are frequently applied to the same purpose [84, 85].

As pointed out by Goujon et al., there is no expectation for an absolute transfer
function of the sensor, since the frequency sensitivity characteristic of the sensor
also depends on the elastic properties of the medium it is applied on [85]. This
effect is caused by the mismatch of acoustic impedance between sensor and
medium and is discussed in Sect. 4.4.2.3.

4.4.1 Comparison of Sensor Types

Despite of the common usage of piezoelectric materials as sensing element, there
are many different acoustic emission sensor designs available. The selection of the
appropriate sensor type follows obvious aspects like operation temperature, but also
more complicated parameters like bandwidth and flatness of frequency response.
For many applications it is only relevant to detect acoustic emission signals in
general, so the frequency characteristics might not be that relevant. Other
approaches use the frequency information of the detected signal to perform source
identification or modal analysis, which requires sensors with a certain bandwidth.
Also, a flat sensor response allows better detection of signal arrival at a certain
frequency. This leads to the type of sensor classification into resonant, multi-
resonant, and wideband sensor types. Some examples of commercially available
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Resonant Multi-Resonant Wideband

-

e ﬁ

Micro30 WD 1045S 1025T KRNBB-PC
(Mistras) (Mistras) (Fujicera) (Digital Wave) (KRN)
Diameter 10 mm Diameter 17.8 mm Diameter 20 mm Diameter 9.3 mm
Height 12 mm Height 16.5 mm Height 20 mm Height 13.3 mm
Resonance 225 kHz Main resonance 450 kHz
Range 150-400 kHz Range 125-1000 kHz Range 200-1300 kHz ~ Range 70 — 1000 kHz

Fig. 4.88 Selection of different acoustic emission sensor types including specifications according
to manufacturer’s data sheets

sensor types are shown in Fig. 4.88 including their most relevant specifications
according to the manufacturer’s data sheets.’

To compare the response of the different sensors, an aluminum plate of
1500 mm x 1000 mm x 3 mm is chosen with the sensor positioned at the center
of the plate. Pencil lead breaks with 0.5 mm diameter and 2H hardness were
performed at a distance of 250 mm to the sensor midpoint. Pencil lead breaks
were repeated 20 times, and AE signals were detected using a preamplifier with
10 kQ input impedance and 15 pF input capacitance operating at fixed gain. The
mean frequency spectrum was calculated from the 20 detected signals for compar-
ison of sensor response. As seen for the representative data in the time domain, the
choice of sensor type has significant impact on the amplitude and shape of the
signal. The different sensitivity is owed to the fact that vastly different geometries
of sensing elements are used in the type of sensors studied. Clearly seen in the
frequency spectra in Fig. 4.89b are the resonances of the Micro30 sensor at around
250 kHz. Here the sensing element is close to its (damped) Eigen resonance and
therefore allows for preferential conversion of the incident wave into an electric
signal.

However, such resonances limit the effective bandwidth of the sensor and
usually cause strong drops of sensitivity outside the resonance range. Improvements
of this are given by multi-resonant sensors such as the WD sensor. Using a
combination of two sensing elements (cf. [24, 35]), this allows for signal detection
with a higher bandwidth, since resonances at 300 and 600 kHz are intrinsic to this
geometry. For those sensor types referred to as wideband sensors, a good match to the
theoretical frequency content of the pencil lead break source is found. While the
1045S and the 1025T still show some minor resonances, the KRNBB-PC seems to

3 According to ASTM E976 calibration standard [V/pbar]
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Fig. 4.89 Comparison of detected PLB signals in 250 mm distance in the time domain (a) and the
respective frequency spectrum averaged over 20 signals (b)

match best with the theoretically expected smooth falloff with frequency. The latter
sensor type uses a conical sensing element which was found to yield very flat response
in the frequency range of interest for acoustic emission analysis [42, 86—89]. However,
as seen in Fig. 4.89b within the range of the resonances of other sensor types,
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the KRNBB-PC has less sensitivity. Therefore, a suitable trade-off has to be made in
practice between sensitivity and flatness with frequency when selecting sensor types
for a particular application.

4.4.2 Sensor Modeling

To better understand some of the principles of the sensor systems used, several
attempts demonstrate the feasibility to model the response of piezoelectric sensors
by FEM [33, 87, 90, 91]. For realistic modeling of sensor signals, aspects of signal
propagation and sensor modeling have to be combined as demonstrated for a
commercial sensor type [35] and a parameter study of conical PZT elements
[87]. The modeling strategy presented in this section enables a dedicated analysis
of the key factors in sensor design, which are responsible for the different transfer
functions observed for the various sensor types [92]. Also, a comprehensive
modeling strategy of acoustic emission sensors enhances the possibilities to inves-
tigate possible new sensor designs [93-95] and allows new insights into other
sensor concepts to detect acoustic emission [95-97].

While acoustic wave propagation is sufficiently described by solving the con-
stitutive equations of structural mechanics, the interaction between acoustic waves
and a piezoelectric sensor requires new approaches using coupled partial differen-
tial equations [35, 98]. In particular, the generation of electrical charges due to
deformation of the piezoelectric material requires simultaneous solving of the
electrical and structural mechanics constitutive equations (4.44) and (4.45).
Another important aspect in simulation of transfer functions of piezoelectric sen-
sors is the interaction between the sensing material and the attached circuitry. In
contrast to conventional open-loop simulations of sensor response, additional input
impedances of preamplifiers and cables can change the sensor response signifi-
cantly and have to be taken into account for realistic prediction of the sensor
behavior. To include these effects, a FEM approach is demonstrated in this section
following reference [87] with technical details reported therein.

As seen in Fig. 4.90, signal propagation due to a pencil lead break in 250 mm
distance is studied in a 3.0 mm thick AIMg3 aluminum plate. All material proper-
ties used in the modeling are given in Tables B.1 and B.2 in Appendix B. As a first
step, the interaction of the sensor as function of the attached circuitry is discussed.
The respective geometric details of the sensor type investigated are shown in
Fig. 4.91 with the layout of the attached circuit given in Fig. 4.92.

A comparison of the experimentally detected signal and the modeling result is
shown in Fig. 4.93a for the conical sensor type and for the WD sensor type in
Fig. 4.93b. Despite of some differences at the beginning of the Ay mode, the main
characteristics of the two different sensor types are well captured by the modeling
approach. In particular it is possible to calculate the absolute values of the sensor
output since the strength of the pencil lead break source is known (cf. [53, 99]).


http://dx.doi.org/10.1007/978-3-319-30954-5_BM1
http://dx.doi.org/10.1007/978-3-319-30954-5_BM1
http://dx.doi.org/10.1007/978-3-319-30954-5_BM1

234 4 Acoustic Emission

__ backing mass

aluminum plate

3.0 mm

pencil lead break " J

a b
®
L
3
backing 3
\
& §-[ acoustic
I-m E S insulation
3
|
bonding layer

Fig. 4.91 Three-dimensional geometry of conical sensor type used in [87] (a) and WD sensor type
used in [35] (b) (images based on [35] and [87])
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Fig. 4.92 Drawing of electrical circuit used for simulation of connection cable and preamplifier
(based on [87])
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Fig. 4.93 Comparison of experimentally detected pencil lead break signals in 250 mm distance
and simulated signals for conical sensor type (a) (based on [87]) and WD sensor type (b). Insets
show S mode arrival between 40 and 75 ps after signal excitation

4.4.2.1 Influence of Attached Circuit
As the first parameter study, the capacitance of the cable model was systematically

changed between 10 and 1000 pF, while holding all other circuit parts of Fig. 4.92
constant. The resulting sensor signals of the simulation are shown in Fig. 4.94a.
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Fig. 4.94 Variation of cable capacitance for 1.50 mm conical element diameter (a) and pream-
plifier impedance (b)

In a second study, the resistance value of the preamplifier was changed from 1 to
100 kQ (see Fig. 4.94b), while the cable capacitance was kept constant. Since the
ranges of both cover a broad range of the intrinsic sensor impedance and capaci-
tance (cf. [87]), a strong interaction between the piezoelectric element and the
circuitry is found.
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The change in signal amplitude due to changes in the resistance and capacitance
was of similar magnitude as the geometrical changes of the conical elements. For
example, an increase in the capacitance of the piezoelectric element has the same
effect as a decrease in the circuit capacitance. This is a consequence of the coupled
electrical system of piezoelectric material and the attached circuit. Therefore, a
suitable match between the sensor type and the preamplifier has to be assured to
avoid a negative impact on the sensitivity of the system and the transmitted bandwidth.

4.4.2.2 Influence of Sensor Aperture

In addition to the attached circuitry, other effects also contribute to the final
appearance of the signal. As discussed previously [12, 24, 87, 100, 101], one
major influence on the signal shape is the aperture effect due to the wavelengths
of the propagating wave. This influence is pointed out in Fig. 4.95. A comparison of
a simulated signal without the presence of the sensor reveals the ideal shape of the
Lamb wave in the aluminum plate used.

An overlay with the normalized simulated sensor voltage signal for sensor tip
diameters of 0.25 and 4.00 mm demonstrates the characteristic differences in the
signal shape due to the increase of aperture. The out-of-plane signal is in phase with
the sensor signals at the beginning of the Ay mode, but increasingly deviates at

0.010 004
E o00s 0.02 g displacement
1.09% £|——0.25 mm tip diameterH 1.4
15 0000 ] 000 £ |—— 4.00 mm tip diameter|1
0848 @ 1.2
87 5-0.005 ~0.02¢ ]
1° g 110
~0.010/ ~0.04 ]
0.6 Tos
5 | (0]
E 0.4 + 0.6 8
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£ ) ®
g 1 02 £
5 0.0+ 0.0 g
L ] o
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-0.21 |02
1 045
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—-0.4 4 06
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time [us]

Fig. 4.95 Comparison between out-of-plane displacement at position of sensor midpoint without
the presence of sensor model and simulated signal voltage for conical elements with 0.25 and
4.00 mm tip diameter (based on [87])
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times larger than about 80 ps. This is caused by the intrinsic phase shift of the
piezoelectric conversion and the attached circuit. Despite the phase shift, a better
match to the simulated out-of-plane displacement is found for the 0.25 mm tip
diameter. Since this diameter approaches a point contact, the effects of aperture
become more negligible. In comparison, the 4.00 mm tip diameter suffers from
aperture more and thus shows a signal with more difference compared to the
original Lamb wave.

4.4.2.3 Influence of Impedance Mismatch

For the detection of an acoustic emission signal, the incident wave needs to be
transmitted from the propagation medium to the outermost part of the sensor. This
is the casing, the wear plate, or the piezoelectric element. This transmission is
subject to the considerations of the transmission and reflections coefficients as
given in (4.29) and (4.30). Therefore, the mismatch of acoustic impedance between
the sensor and the propagation medium is expected to show a significant role. In
addition, the detecting sensor can also be understood as spring-mass system.
Consequently, a relation to the stiffness of the propagation medium is also
expected. While it is hard to provide a general description of this relationship®
between the detected signal amplitude, the acoustic impedance, and the stiffness of
the structure, it is still worthwhile to assess the magnitude of this effect for an
exemplary case to yield the map of expected signal amplitudes shown in Fig. 4.96.

To this end the setup shown in Fig. 4.90 using the conical sensor model is used
and the properties of the plate are varied to investigate the difference in detected
signal amplitudes. The material properties of the isotropic materials listed in
Table B.1 in Appendix B span a broad range of acoustic impedances and Young’s
modulus values. In addition to the “real” materials, “artificial” materials were used
having values of acoustic impedance and Young’s modulus with equidistant spac-
ing. This allows interpolating between the different materials and allows computing
the full range of possible material properties.

Following [87] the incident acoustic waves are converted into electrical signals
using simulation of the piezoelectric conversion process and the attached circuitry.
Due to the different sound velocities in the materials, the durations for the individ-
ual computations are modified appropriately to allow for efficient computations.

The amplitude evaluated in Fig. 4.96 is the peak value of the A mode propa-
gating in the structure divided by the incident out-of-plane component of the elastic
wave. Computations for “real” materials are given by the black dots, and the
interpolated field was created from an array of 9 x 12 “artificial” materials spanning
the range between 5.4 and 54.4 MRayl and 2.5-1000.0 GPa.

It can be concluded from the results in Fig. 4.96 that neither the acoustic impedance
nor the stiffness of the plate shows strictly linear dependence on the detected signal

“*Note that [48, 73] discuss the effect of the acoustic impedance but not for incident plate waves.


http://dx.doi.org/10.1007/978-3-319-30954-5_BM1
http://dx.doi.org/10.1007/978-3-319-30954-5_BM1
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Fig. 4.96 Map of detected signal amplitude for configuration used in [87]. Plate materials are
varied using “real” materials (black dots), and interpolated sensor response field is computed from
“artificial” materials

amplitudes. Moreover, the computed behavior seems to behave nonproportional in
some regions. However, there is a strong tendency seen for a change of the Young’s
modulus of the material. Here, the stiffness effect seems to overrule the effect of
acoustic impedance mismatches. For those materials with the highest Young’s mod-
ulus, the detected signal amplitudes are more than 300 times larger than for the
materials with low Young’s modulus. In comparison, the largest effect for a variation
of the acoustic impedances was observed to be in the range of a factor of 1.3.

These findings strongly indicate that the detectable signal amplitudes for the
same type of sensor are unique for every material. Therefore, calibration curves of a
sensor are unlikely to be representative for inspection of other materials than the
material used for the calibration. Since these calibration routines are usually carried
out on metallic materials (i.e., steel or aluminum), the direct transfer to fiber
reinforced composites might be questionable.

4.4.3 Waveguides

Another particular challenge arises if test temperatures exceed the operation tem-
peratures of piezoelectric sensors. In the past, suitable alternatives to PZT were
investigated to extend the accessible temperature range. One solution to avoid using
such PZT sensors at operation temperatures outside their specifications was found
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by the researchers like Lynnworth et al. and involves the usage of thin rods, clad
rods, or hollow tubes as ultrasonic waveguides for signal detection [102]. They
demonstrated the use of such waveguides to duplicate acoustic emission signals
propagating as guided waves in a plate. Also various short waveguides with
different material properties, length, diameter, and detection angles were tested in
order to investigate the effects upon pulsed events [102, 103]. However, the
selection of appropriate waveguides is still an experimental procedure and relies
on the experience to a large extent. Although the principle description of guided
wave modes in rods is found in standard literature [104], numerical methods are
nowadays also found to be a convenient tool to assess the properties of such
waveguides prior to experimental design [105, 106].

Following the established and validated numerical procedure described in
[105, 106], the response of a model sensor is evaluated in various geometrical
configurations and material pairings. In the following, effects of the waveguide
termination, the diameter, material, and temperature gradients are briefly discussed.

As seen in Fig. 4.97, the computations are performed for one reference case with
the sensor directly attached to a 3.0 mm thick aluminum plate. As an acoustic
emission source, a pencil lead break test in 100 mm distance to the sensor location
is used. To reduce the computational intensity of the model, a symmetry condition is
chosen along the xz-plane. The details of the model sensor are indicated in Fig. 4.97
and confirm with the previous choice in [87] (see also Sect. 4.4.2). As the second
model, the propagation path between source and sensor is modified by incorporation
of an acoustic waveguide as seen in Fig. 4.97. Based on an experimentally used
design, the diameter is selected as 1.59 mm and the length as 306.4 mm.

—

~_—source location

signal detection location
(x,y,2)=(100,0,3) mm

b

signal detection location
(x,y,2)=(100,0,309.4) mm

conical
element
PZT -5A

Fig. 4.97 Geometry and dimensions of numerical case studies for plate (a), waveguide (b) and
sensor model (c) following [105, 106]



4.4 Detection of Acoustic Emission Signals 241

a
307 —Reference Signal
—— Waveguide Signal
20
10

Amplitude [mV]
o
1

—-10

—-20 -

waveguide signal is 60.2 ps offset to superimpose

=30 T T T T T T T T T 1

0 20 40 60 80 100
Time [ps]

—— Reference Signal
—55 1 —— Waveguide Signal

—88

ﬁFT magnitude [dB]
N
(¢e]
1

110

-121+

-132

T T T T T T T T T T T T T T T T T T T 1
00 01 02 03 04 05 06 07 08 09 10
Frequency [MHz]

Fig. 4.98 Comparison of detected acoustic emission signals after propagation in aluminum plate
and after additional propagation in acoustic waveguide (a) and respective frequency spectra (b).
Signal detected at the top of waveguide in (a) is shifted forward by 60.2 ps to compensate for the
effect of signal propagation within the waveguide

The result of both computations is shown in Fig. 4.98. In order to allow better
comparison of both acoustic emission signals, the result including the computation
with the waveguide is shifted forward by 60.2 ps to compensate for the effect of
different propagation distances.
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Overall, both signals still show some resemblance, but the frequency content and
the amplitude of the individual guided wave modes are not fully retained. This is
also seen in the comparison of the frequency spectra of both signals in Fig. 4.98b. In
the present case, the signals propagate as guided plate waves in the aluminum plate.
At the position of the waveguide, the out-of-plane components are transmitted into
the waveguide. At this position, the signal transmittance is governed by the
impedance match of the waveguide to the plate and the aperture of the waveguide.
After transmittance into the waveguide, the wave propagation starts to transform
into the guided wave modes of the waveguide geometry (e.g., rod modes). The final
signals’ time-frequency characteristic at the top of the waveguide thus suffers from
two types of guided wave propagation and modal conversions, respectively. This
causes characteristic deviations to the acoustic emission signals detected by a
sensor mounted directly on the structure of interest, which is further denoted as
reference signal.

4.4.3.1 Shape of Waveguide

In order to ensure stable mechanical attachment of the waveguide and the acoustic
emission sensor, several terminations are typically used in practice. Therefore it is
helpful to understand their impact on the signal transmission when being used in an
application. To this end, [105] has investigated several terminations, keeping the
diameter and material constant. As seen in the frequency spectra of the acoustic
emission signals detected on the top of the waveguide in Fig. 4.99, the various
configurations do cause substantial differences in the transmitted signals.

; —— Reference Signal
Reference signal | Cylindrical Waveguide
—60 —— Conical truncation p
—— Hollow Waveguide
— —— Sharp tip truncation
m
S
o —80 1
kel
2
c
(o]
£
|_—100 1
[
[T
-120 -

0.0 0.2 0.4 0.6 0.8 1.0
Frequency [MHZz]

Fig. 4.99 Comparison of frequency spectra of signals detected with different waveguide
geometries
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Relative to a simple circular waveguide truncations like cones or sharp tips may
either cause resonances (especially the conical truncation at the sensor position) or
may reduce the detectable signal amplitude by up to 17 dB. In comparison, the use
of hollow waveguides or such filled with liquids was found to be of less impact
concerning the waveguide transmission characteristics in the investigated diameter
and frequency range (for details on dimensions, see [105]).

4.4.3.2 Diameter of Waveguide

Based on the intended application, it might be required to select a particular
minimum waveguide diameter to offer a certain mechanical strength or stiffness.
On the contrary it might be necessary to select a certain maximum diameter to limit
temperature reduction at the contact position with the object or to confirm with
certain lead-through dimensions. For cylindrical geometries, the increase of the
diameter will directly increase the possible number of guided wave modes (see
Sect. 7.2.4.2 for an example). Mixed mode propagation and frequency specific
attenuation will thus affect the transmitted acoustic emission signals. Considering
the same model geometry as before, Fig. 4.100a presents some signals detected on
top of cylindrical waveguides with different diameters. Apart from the shift in
intense frequency regions, the signal amplitude is also affected. As seen in the
evaluation of the signal amplitude at a constant frequency of 450 kHz in
Fig. 4.100b, there is a preferred waveguide diameter at around 2.2 mm, which
offers highest signal detectability at the top of the waveguide. However, this is not a
simple resonance of the waveguide, but a specific transmission characteristic of the
waveguide at 450 kHz. Based on the material of the waveguide and additional
effects of the truncation at the end of the waveguide, the regions of preferred
frequency transmission may shift and therefore another diameter would be the
optimal choice. Thus, for practical applications, it is recommended to perform a
sensitivity analysis for typical acoustic emission signals found in the structure
under test.

4.4.3.3 Material of Waveguide

As indicated in [106], the impedance mismatch between the structure under test and
the waveguide will also cause noticeable differences in the detectable acoustic
emission signals. This is owed to the law of refraction as seen in Fig. 4.57 and
causes the same consequences as already pointed out in Sect. 4.4.2.3. Thus it is
recommended to use waveguide materials with acoustic impedance close to the
material under inspection to avoid strong impedance gaps. If this is not feasible,
the acoustic impedance of the waveguide should be selected larger than that of the
material under investigation to provide good acoustic transmission into the wave-
guide. However, this can cause additional modal conversion, therefore reducing the
effective transmitted amplitude.
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Fig. 4.100 Comparison of different acoustic emission signals detected at the top of waveguide
with different diameter (a) and evaluation of maximum signal amplitude at constant frequency of
450 kHz using continuous wavelet transformation (b)
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4.4.3.4 Influence of Temperature Gradient

Many waveguide applications deal with objects operating or being loaded at
elevated temperatures. Since typical acoustic emission sensors may not exceed
their operational temperature range, the waveguide is selected long enough to
reduce the temperature from the elevated temperature to safe operation conditions
for the acoustic emission sensor. In some applications this temperature gradient
within the waveguide can be in the order of several 100 °C or even up to 2000 °C.
Accordingly, the waveguide material changes its material properties as function of
the local temperature. Depending on the sensitivity of Young’s modulus, Poisson’s
ratio, and density of the material, the wave propagation is noticeably changed. An
exemplary calculation for an UNS K12211 steel alloy with a temperature gradient
of 500 °C was previously presented in [106]. The findings did not reveal a strong
impact of the waveguide operation due to the existence of the temperature gradient.
Except for a delay in signal arrival of 1.65 ps, both signals were almost identical.
However, other waveguide materials may exhibit stronger changes of their material
properties as function of temperature and therefore may affect signal propagation
more than this.

4.4.4 Other Factors Affecting Sensor Sensitivity

Beyond the specific choice of the sensor type, several other factors will affect the
detectable frequency range and the sensitivity of the acoustic emission sensor.
Apart from aging of the sensor itself and environmental test conditions, these are
the choice of the coupling medium and the way of sensor fixation.

4.44.1 Coupling Medium

In principle, the purpose of the coupling medium is to avoid air gaps in between the
object under test and the acoustic emission sensor. Typically, the test object surface
is not fully flat or comes with a certain roughness, so the planar sensor surface
would only be coupled at distinct locations. Having a grease or a liquid as coupling
medium can thus fill these gaps and ensure a good acoustic transmission. Typically,
coupling media are viscoelastic materials causing higher acoustic attenuation at
higher frequencies. The choice of coupling media may thus limit the bandwidth of
the measurement chain as seen in Fig. 4.101. The spectra shown are averaged out of
20 pencil lead break signals, which were detected by a WD type sensor under
identical conditions on an aluminum plate except for the choice of couplant.
Obviously the hot glue reduces the sensitivity at higher frequencies when compared
to the less viscous Baysilone silicone grease couplant.



246 4 Acoustic Emission

—— Hot glue

160000+ —— Baysilone

140000 —
120000 —
100000 —

80000 —

60000

FFT-Magnitude [1/mV]

40000

20000

0 - T T T —
0 200 400 600 800 1000
Frequency [kHz]

Fig. 4.101 Comparison of frequency spectra recorded under identical conditions except for the
choice of couplant

In combination with temperature ranges other than room temperature, several
other factors may limit the applicability of coupling media. At temperatures <0 °C
included water or the coupling medium itself may freeze, causing microcracking
with noticeable acoustic emission. Although this acoustic emission is often with
relatively low amplitudes, it may cause a substantial amount of additional signals,
which may interfere with acoustic emission signals emitted by the test object. For
such applications a coupling medium needs to be selected which does not show
intrinsic acoustic emission activity in the intended temperature range.

In the range above room temperature, the primary challenge is to avoid degra-
dation of the coupling medium. This can be assessed prior to the monitoring task by
a face-to-face arrangement. Here, one sensor is used as a pulser and another sensor
is used as a detector, both coupled together in a face-to-face arrangement using the
coupling medium to be tested. While the pulser is emitting a defined broadband
pulse at distinct intervals, the whole configuration is subject to continuous temper-
ature variations. The evaluation of the detected signal amplitudes is shown in
Fig. 4.102 for three different types of coupling media and one dry contact coupling.
As seen from the difference in signal amplitude at room temperature, the different
coupling choices come with different initial sensitivities being worst for the dry
coupling. During the temperature increase up to 200 °C, the detected signal
amplitude decreases, which is mostly due to the thermally induced expansion of
the overall face-to-face arrangement and the respective changes in the contact
force. Still, the overall loss in signal amplitude is still different for each coupling
medium. Upon cooling, the coupling media show hysteresis effects of the detected
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signal amplitudes. Back at room temperature, only the Apiezon has returned to its
previous sensitivity. The other two choices do not get back to their original
sensitivity within a range of +2 dB, thus indicating possible degradation effects
of the coupling medium. Such procedures allow to evaluate the performance of the
coupling medium prior to any testing.
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Fig. 4.102 Detectable signal amplitude for various coupling media (a, b, ¢) as function of
temperature in a face-to-face configuration. Reference case without coupling medium in (d)
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4.4.4.2 Sensor Fixation
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Apart from the coupling medium, another critical item for acoustic emission
sensors is the way of sensor fixation during loading of the test object. Basically,

the coupling medium may be

categorized in those that bond the acoustic emission

sensor to the structure and those which do not allow to carry its weight.



4.4 Detection of Acoustic Emission Signals 249

For the bond couplings, all types of permanent adhesives, hot glue, as well as
two-sided duct tapes are typically used. Despite of their ease of handling, the main
drawback is to assure good bonding quality during loading of the test structure and
possibly also during temperature changes and other superimposed environmental
factors. Especially for fiber reinforced materials, the adhesive needs to be compat-
ible with the matrix material and the sensor casing material (typically metallic or
ceramic). Upon large deformations or superimposed temperatures, this may often
lead to failure of the adhesive, thus causing additional acoustic emission signals or
drop-down of the attached sensor. Also, the choice of adhesive may affect the
frequency-dependent sensitivity as seen in Fig. 4.102.

As alternative, the acoustic emission sensor can be attached to the test object
using a viscous or liquid coupling medium, but a mechanical force is required to
carry the weight of the sensor and to keep it in its designated position. To this end,
several fixation systems are established. Custom-made systems operating from
mechanically stable platforms or fixtures can be used as well as clamp systems,
rubber bands, (external) tacky tapes, suction cups, or magnetic holders. In
Fig. 4.103 some of these concepts are shown in exemplary applications. Note that
the magnetic holders are somewhat restricted in terms of composite applications,
since these require a ferromagnetic material to be attached to. For many of these
systems, their main advantage is the ease of handling and the instant contact of the
sensor with the structure (as compared to adhesives which might need time to cure).
Also, unmounting and repositioning of the sensor is fairly easy, since no permanent
contact is made with the test structure.

T —

Fig. 4.103 Sensor fixation using clamp system (a), (external) tacky tape (b), and suction cup
holders (c¢)
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4.5 Signal Classification

In recent years, many new approaches were proposed that add the possibility of AE
source identification to the established approaches of AE signal accumulation and
AE source localization. Namely, these are moment tensor inversion, time reversal
approaches, guided wave analysis, and pattern recognition techniques.

In volumetric media, one suitable approach to deduce the source type is to use
the moment tensor inversion. A comprehensive review on this topic was recently
given in [52], so only a brief overview will be provided in the following. Based on
the type of source description by the moment tensor as given in Sect. 4.2, the basic
measurement principle stems from the acquisition of a set of signals at different
angles to the source position. Using these different signals and knowing the Green’s
function of the medium, the moment tensor components are readily computed by a
deconvolution analysis after Wadley [27]. In this field, Ohtsu and Ono demonstrated
that the moment tensors from different crack modes in volumetric media are readily
distinguishable (see [18, 21, 52]). Green extended this approach used in isotropic
media to the needs of acoustic emission sources in composite laminates
[29, 30]. Despite these valuable efforts, there are several drawbacks associated with
the moment tensor inversion in application to fiber reinforced composites. One
challenge stems from the reduced field of view on the source in the typically thin
composite materials. Since signals propagate as guided waves, much of the informa-
tion on source orientation is lost at the first millimeters of propagation. Therefore,
even for thick laminates, the different observation angles of the source required for
moment tensor inversion are difficult to obtain in real testing of composite materials
or structures. Another challenge is the precise knowledge of the Green’s functions of
the medium. Although it was demonstrated that these can be computed practically for
every piece of material, it is still burdensome to achieve in practice.

However, if moment tensor inversion is performed on a composite material, it is
a well-suitable technique to classify signal origins in different source radiation
types. This yields valuable insight on the material failure at this level.

In recent years, the approach of time reversal acoustic emission has emerged as
an alternative source localization strategy [107—109]. Here the detected signals are
inversed and basically back projected to determine their signal origin. Beyond the
spatial source position, this also yields further information on the radiation pattern
of the source. This was successfully demonstrated for measurement of the crack
orientation in thin plates [109]. Consequently, the time reversal approach might be
used for composites to extract further information on the source origin. But still the
approach faces the same challenge as the moment tensor inversion, which is the
knowledge of the Green’s function of the system required to allow a valid inter-
pretation of the source activity.

Another classification technique more adapted to composite materials is the
analysis of guided waves. This approach has a prime focus on the relationship
between certain source types and the type of guided wave modes found in platelike
structures [6, 67, 110—117]. The aim is to find characteristic ratios of certain guided
wave modes, which are characteristic of a particular source type. Although such
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relations are partially expected, it is still hard to allow for unique assignments of
such guided wave ratios to source mechanisms (see Sect. 4.2). The first publications
of this approach investigating the relation between source type and guided wave
formation attracted much attention and allowed for better understanding of the
signal propagation in platelike materials. Also the pattern recognition techniques
presented in the following might be understood as more general classification
routine following the idea of guided wave acoustic emission analysis.

In the context of acoustic emission analysis, the purpose of pattern recognition
techniques is the identification of similarities in the recorded acoust