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Kurzfassung

Diskontinuierlich faserverstärkte Polymere, wie Sheet Molding Compounds
(SMC) werden häufig in modernen Automobilleichtbaukonstruktionen einge-
setzt. SMC-Werkstoffsysteme zeichnen sich durch eine gute Umformbarkeit
und hohe spezifische mechanische Eigenschaften aus. Des Weiteren erfüllen
sie die geforderte Prozesszykluszeit für die Fertigung von Automobilkom-
ponenten. Die mechanischen Eigenschaften auf der makroskopischen Betrach-
tungsebene und das Schädigungsverhalten von SMC werden maßgeblich durch
die Mikrostruktur und insbesondere durch die Anordnung der Fasern beein-
flusst. Folglich ist die Berücksichtigung der Mikrostruktur bei der Auslegung
und Lebensdauervorhersage von Bauteilen aus SMC unerlässlich.
Moderne Mikro-Computertomographie-Systeme (µCT) erzeugen zerstörungs-
frei volumetrische Bilder von Mikrostrukturen. Durch die Kombination von
mechanischer Prüfung und µCT-Messung mittels in-situ Experimenten wird
sowohl die Mikrostruktur, als auch die Rissausbreitung der untersuchten Probe
dreidimensional beobachtet. Ein wesentlicher Aspekt dieser Arbeit ist es, die
Mikrostruktur und das Schädigungsverhalten auf der gleichen Betrachtungs-
ebene mittels µCT-Aufnahmen zu analysieren. Die gewonnenen Daten werden
genutzt, um den Zusammenhang zwischen der Mikrostruktur und dem Schädi-
gungsverhalten zu untersuchen.
Zur Charakterisierung der Mikrostruktur, wird in dieser Dissertation eine Me-
thode zur Analyse von SMC-Mikrostrukturen mit Hilfe von volumetrischen
Bildern vorgestellt. Zentrales Merkmal dieser Methode ist die Ausnutzung
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der charakteristischen SMC-Faserbündel. Das führt dazu, dass die notwen-
dige Bildauflösung im Vergleich zur Untersuchung von Einzelfasern vergrö-
ßert wird. Diese Eigenschaft ermöglicht es, größere und repräsentative SMC-
Mikrostrukturen zu untersuchen. Die SMC-Faserbündel werden iterativ mit
Hilfe eines probabilistischen Ansatzes verfolgt, der es ermöglicht, Faserbündel
auch in Bereichen zuverlässig zu identifizieren, in denen andere Faserbündel
kreuzen.
Das Kernthema dieser Dissertation ist die Charakterisierung von Schädigun-
gen mittels in-situ µCT-Versuchen. Es werden verschiedene Methoden zur
Segmentierung von Rissen in volumetrischen Bildern unter Verwendung von
Grauwert-Histogrammen, künstlicher Intelligenz und digitaler Volumenkorre-
lation vorgestellt. Die Fähigkeiten dieser Methoden werden miteinander ver-
glichen und mit Bezug auf die Genauigkeit der segmentierten Risse, prakti-
sche Einschränkungen und Anwendbarkeit diskutiert. Anschließend werden
Bildverarbeitungsmethoden zur Analyse und Quantifizierung der Schädigung
hinsichtlich Rissvolumendichte, räumliche Orientierungsverteilung und Schä-
digungsmechanismen vorgestellt. Aus den gewonnenen Daten lässt sich um-
fassend der Zustand und die Entwicklung der Schädigung bewerten.
Abschließend werden die vorgestellten Methoden angewandt, um die Mi-
krostruktur sowie das Schädigungsverhalten von mehreren repräsentativen
SMC-Proben mit unterschiedlichen Mikrostrukturen zu charakterisieren. Als
Ergebnis wird der Zusammenhang zwischen der Mikrostruktur und dem Schä-
digungsverhalten untersucht und diskutiert.
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Abstract

Discontinuous fiber-reinforced polymers such as sheet molding compounds
(SMC) are frequently applied in modern automotive lightweight designs. SMC
material systems show a good formability, high specific mechanical properties
and fulfill the mandatory short process cycle times for automotive manufactur-
ing processes. The macroscopic mechanical properties and damage behavior
of SMC is significantly affected by the microstructure and the fiber arrange-
ment in particular. As a consequence, it is essential to take the microstructure
into account for lifetime predictions and designs of SMC components.
Modern micro-computed tomography systems (µCT) acquire detailed volumet-
ric images of microstructures in a nondestructive way. Through combining
mechanical testing and µCT scanning via in-situ experiments, the microstruc-
ture as well as the damage propagation is observed three-dimensionally and
comprehensively. An essential aspect of this doctoral thesis is to analyze both,
microstructure and damage behavior on the same scale level. The obtained
data are used to investigate the relationship between microstructure and dam-
age propagation.
This doctoral thesis introduces an image processing method to analyze SMC
microstructures by means of volumetric images. Key feature of this method is
to utilize the fiber bundle structure, which is typical for SMC. This increases
the required image resolution compared to single fiber analysis, which allows
large and representative SMC microstructure volumes to be investigated. The
SMC fiber bundles are identified iteratively by means of a probabilistic tracking
approach, that enables to reliable identify fiber bundles even in regions where
other fibers bundles cross.
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Furthermore, the fundamental subject of this doctoral thesis is the character-
ization of damage on the microstructural level by means of in-situ µCT test-
ing. Several methods to segment cracks within volumetric images by using
gray-value histograms, artificial intelligence and digital volume correlation are
introduced. The capabilities of those methods are compared and discussed in
terms of crack segmentation accuracy, limitations and applicability. Subse-
quently, image processing methods to analyze and quantify the damage state
regarding crack volume, crack orientation distribution and damage mechanism
are presented. By means of the obtained crack characterization data, it is pos-
sible to comprehensively evaluate the damage state and propagation.
Finally, the introduced methods are applied in order to characterize the mi-
crostructure as well as the damage behavior of SMC samples with different
microstructures. As a result, the relationship between microstructure and dam-
age behavior is examined and discussed.
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1 Introduction

The introduction section below presents the motivation and outline of this doc-
toral thesis. Moreover, the objectives and scientific cooperations performed
together with other research areas within the context of the International Re-
search Training Group (IRTG) GRK 2078 are presented.
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1 Introduction

1.1 Motivation

One of the biggest challenges of the 21st century is fighting global warming. A
major emitter of greenhouse gases is the transport sector including automotive,
train and aviation, as shown in Figure 1.1. Consequently, reducing greenhouse
gas emissions, such as CO2 is a key motivation for reducing fuel consumption
of automotive cars. In recent years, legal regulations for CO2 car emission
became stricter. It is the goal of the European Union to achieve a fleet-wide
average emission for new cars of 95 g CO2 per km from 2021 onwards [2].
Lightweight materials and designs play an essential part to fulfill these legal
regulation goals. By reducing the vehicle mass by 100 kg, 0.3 − 0.5 l fuel
per 100 km and 0.85 − 1.4 kg CO2 per 100 km will be saved according to
Mayyas et al. [3]. For this reason, new lightweight material systems that meet
the necessary requirements in terms of mechanical properties, mass production
criteria and total costs are required in order to reduce the overall vehicle mass.

Fuel combustion
(without transport) (53 %)

Transport (25 %) Agriculture (10 %)

Industrial processes
and product use (9 %)

Waste management (3 %)

Figure 1.1: Greenhouse gas emission breakdown by the source sectors in the EU-27 2018 (data
by European Environment Agency [4]). 25 % of greenhouse gases are emitted by the
transport sector including international aviation.
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Composite systems are becoming increasingly important for applications in
the transportation industry by combining the properties of several raw materi-
als. Designing new composite material systems enables to adjust the material
properties in order to meet various requirements. Especially, fiber-reinforced
polymers gained enormous relevance through reinforcing light polymer matri-
ces by stiff and strong fibers [5]. Due to low costs and good specific mechanical
properties glass fiber-reinforced polymers (GFRP) are applied in many differ-
ent application fields, as shown in Figure 1.2.

Infrastructure (36 %)

Transport (34 %)

Electronic (15 %)

Sports (14 %)

Others (1 %)

Figure 1.2: GFRP shares of the European market by application area in 2019 (data by Witten
and Mathes [6]). The two main application areas for GFRP are infrastructure and
transport.

Thermoplastic and thermoset polymer matrices can be reinforced by discon-
tinuous and continuous fibers. This doctoral thesis focuses on the investigation
of sheet molding compounds (SMC), which usually consist of a thermoset ma-
trix reinforced by discontinuous fibers. SMC meets both lightweight and mass
production criteria [7]. As a result, SMC is frequently applied in the auto-
motive mass production industry. Figure 1.3 shows the production volume of
SMC, other manufacturing processes and semi-finished components for GFRP
in Europe.
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Open mould (237 kt)

SMC (205 kt)

GMT and LFT
(156 kt)

Continuous
processing (150 kt)

RTM (148 kt)
Pipes and Tanks

(146 kt)

BMC (82 kt)

Others (17 kt)

Figure 1.3: GFRP production volumes in Europe according to the manufacturing processes and
semi-finished components in 2019 (data by Witten and Mathes [6]). The produc-
tion fraction of SMC in 2019 is 18 %. Long fiber-reinforced thermoplastics (LFT),
glass-mat reinforced thermoplastics (GMT), resin transfer molding (RTM) and bulk
molding compounds (BMC).

There is a strong relationship between the manufacturing process, the mi-
crostructure and the mechanical properties for composites in general and fiber-
reinforced polymers in particular, as illustrated in Figure 1.4. The fiber archi-
tecture on the microstructural level significantly affects the mechanical proper-
ties on the macroscopic scale. Especially, the anisotropic nature of the mechan-
ical properties and the occurrence of various and complex damage mechanisms
is decisive. As a result, it is essential to take the microstructure into account
during the design process and for prediction of the mechanical properties.
Novel numerical simulation models enable the increasingly accurate predic-
tion of the manufacturing process and mechanical properties. Furthermore,
the microstructure and damage behavior of fiber-reinforced polymers is being
investigated in a more detailed way through the development of new character-
ization methods.

4



1.1 Motivation

Fiber-
reinforced
composites

Micro-
structure

Manu-
facturing

Properties

Figure 1.4: Schematic interaction between manufacturing, microstructure and properties. Con-
sideration of the three aspects for fiber-reinforced polymers from a materials science
perspective.

The goal is to fully exploit the lightweight construction potential of fiber-
reinforced polymers by gaining knowledge and insight about the mechanical
behavior of the examined material. This requires extensive microstructure in-
vestigations and material characterization, which in turn enable new process
and structure simulation models.
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1.2 Objectives of the Doctoral Thesis

During the last decades, micro-computed tomography (µCT) became one of the
most important nondestructive testing methods in material science [8]. Mod-
ern µCT systems acquire detailed volumetric images of microstructures and
by means of image processing methods microstructure properties are quanti-
fied. One objective of this doctoral thesis is the development of methods to
characterize microstructures of SMC by using µCT technique. Especially, the
characteristic fiber bundle arrangement within SMC microstructures is investi-
gated and analyzed.
In practice, predicting the lifetime and fracture limits of materials is essen-
tial for the design process and to push the lightweight potential to the limit.
As a consequence of the heterogeneous microstructure and the combination
of several material systems, within fiber-reinforced polymers different damage
modes occur. Through combining mechanical testing and µCT scanning, volu-
metric images of microstructures at different stages of the damage process are
acquired in-situ. In order to examine and investigate the damage evolution of
SMC in-situ µCT tests are carried out. As a result, the SMC damage evolu-
tion is observed through volumetric image series. Objective of this doctoral
thesis is to develop a suitable in-situ µCT setup and image processing meth-
ods to characterize the damaged microstructure. Since the thermoset matrix
shows brittle material behavior, the research in this work focuses on analyzing
microstructural cracks. Furthermore, microstructure damage characterization
methods that apply image segmentation, digital volume correlation and artifi-
cial neural networks techniques are introduced.
Cooperations between the research areas are a key aspect of the Interna-
tional Research Training Group (IRTG). Especially, the data transfer between
microstructure characterization, process simulation and structure simulation
gained increasing importance by providing input data and validation results, as

6



1.3 Outline of the Doctoral Thesis

shown in Figure 1.5. Another object of this doctoral thesis is to develop map-
ping strategies to transfer microstructure data and utilize them in numerical
simulation models.

Figure 1.5: Illustration of the virtual process chain and the cooperations between the research
areas within the IRTG (figure by Görthofer et al. [9, 10]∗).

1.3 Outline of the Doctoral Thesis

This doctoral thesis first provides an overview of the state-of-the-art in chap-
ter 2 regarding the addressed topics and research areas. Fundamentals and
relevant publications dealing with fiber-reinforced polymers, microstructure
characterization, µCT technique, image processing, digital volume correlation,
artificial intelligence and damage characterization are presented.*

* Own publication(s)
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1 Introduction

Subsequently, chapter 3 introduces the investigated SMC material system.
Here, the relationship between the manufacturing process, microstructure and
mechanical properties of SMC are presented. Common aspects and approaches
on fiber-reinforced polymers introduced in chapter 2 are focused and applied
on SMC in general, and the investigated SMC material system in particular.
General assumption and classification regarding SMC are presented, which are
fundamental for the developed and introduced methods in this doctoral thesis.
A central part of this work is the development and application of methods in
order to characterize the fiber architecture of SMC and to examine the damage
behavior on the microstructural level based on µCT data. The developed and
applied image processing methods are introduced in chapter 4.
Chapter 5 presents the experimental equipment used and mechanical testing
methods. Here, the µCT system, the experimental in-situ stage and test proto-
cols are introduced in detail.
The obtained results by using in-situ µCT testing, microstructure characteri-
zation and damage analysis are presented in chapter 6. These three parts will
be combined by experimentally investigating SMC samples by means of in-
situ µCT experiments and analyzing them with respect to microstructure and
damage behavior.
In chapter 7 the introduced methods are compared with each other and the
results are discussed in context of state-of-the-art references. The obtained
observations and insights are further discussed with reference to the relation-
ship between microstructure and damage of SMC. Finally, the content of this
doctoral thesis is summarized and concluded in chapter 8.
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2 State-of-the-Art

This chapter provides an overview of the current research state regarding the
objectives of this doctoral thesis. Topics including continuum mechanics, com-
puter tomography technique, image processing, artificial neural networks and
mechanical behavior of fiber-reinforced polymers in general are presented.
Fundamental aspects that form the basis for the developed methods and de-
termined results in this work are introduced.

Contents

2.1 Continuum Mechanics . . . . . . . . . . . . . . . . . 10

2.2 Damage Behavior of Fiber-Reinforced Composites . . . 15
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2.4 Image Processing . . . . . . . . . . . . . . . . . . . . 32
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2.6 Digital Volume Correlation . . . . . . . . . . . . . . . 45
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2.8 Damage Segmentation . . . . . . . . . . . . . . . . . 59
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2 State-of-the-Art

2.1 Continuum Mechanics

This doctoral thesis deals, among other, with the relationship between mi-
crostructure and mechanical behavior; and the cooperation between numer-
ical modeling and material characterization. For this purpose, an overview
of continuum mechanics with respect to fiber-reinforced composites is given.
Section 2.1.1 introduces fundamentals of continuum kinematics, which are es-
pecially relevant for the applied correlation methods in context of this work.
Subsequently, in Section 2.1.2 state-of-the-art homogenization approaches for
fiber-reinforced composites are presented.

2.1.1 Kinematics

The position of any material point P within the reference configuration Ω0 at
time t = t0 is determined by the position vectorX , as shown in Figure 2.1. At
time t ≥ t0, the position vector x of any material point P is given by

x = χ(X, t) (2.1)

The displacement u(X, t) is introduced as the difference between the refer-
ence position and the position at t

u(X, t) = x(X, t)−X. (2.2)

The displacement gradient is defined by

H(X, t) =
∂u(X, t)

∂X
. (2.3)

Assuming only small deformation, the infinitesimal strain tensor is introduced
by

ε(X, t) = sym(H(X, t) =
1

2
(H(X, t) +H(X, t)T ). (2.4)
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2.1 Continuum Mechanics

Figure 2.1 schematically illustrates the notation and relationship between ref-
erence and deformed state regarding continuum mechanics.

ex

ey

ez

X
x(X, t)

P P

χ(X, t)

u(X, t)
Ω0

Ωt(t ≥ t0)

Reference (initial)
Deformed

Figure 2.1: Fundamentals of continuum kinematics.

2.1.2 Homogenization

In general, the (local) microscopic stress σ(x) and strain ε(x) within a het-
erogeneous microstructure is also heterogeneously distributed. Considering a
representative volume element (RVE) the effective stress

σ̄ = 〈σ(x)〉 =

∫
V

σ(x) dV (2.5)

and effective strain
ε̄ = 〈ε(x)〉 =

∫
V

ε(x) dV (2.6)

are given by using the volume average 〈·〉 over the representative volume V .
In case of linear elastic deformation, the relation between the effective stress
σ̄ and effective strain ε̄ is described by the generalized Hooke’s law, the local
stiffness tensor C(x) and the effective stiffness tensor C̄

σ̄ = C̄[ε̄] = 〈C(x)[ε(x)]〉. (2.7)
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Defining the compliance tensor S = C−1 as the inverse stiffness tensor

ε̄ = S̄[σ̄] = 〈S(x)[σ(x)]〉. (2.8)

The relation between the local and effective strain and stress tensor is given by
the localization tensors A and B, respectively.

ε(x) = A(x)[ε̄] (2.9)

σ(x) = B(x)[σ̄] (2.10)

For the localization tensors it holds that

〈A(x)〉 = IS and 〈B(x)〉 = IS . (2.11)

Assuming a composite of several phases α with homogeneous stiffness prop-
erties Cα and φα = Vα/V the volume fraction, the effective stiffness tensor is
determined by

C̄ = 〈C(x)A(x)〉 =
∑
α

φαCαAα. (2.12)

Introducing one phase as the matrix material (·)M and considering a fiber-
reinforced composite, where all embedded fibers have the same stiffness prop-
erty CF the effective composite stiffness is given by

C̄ = CM +
∑
i

φi(CF − CM )Ai (2.13)

= CM + (CF − CM )〈A〉F , (2.14)

where 〈·〉F is the arithmetic volume average operator over all fibers. The ho-
mogenization approach according to Voigt [11] assumes, that the microscopic
strain ε(x) is equal for all phases of the composite. Consequently, the strain
localization tensor A becomes the fourth order symmetric identity tensor IS .

12



2.1 Continuum Mechanics

As a result, the homogenization scheme according to Voigt [11] is determined
by

C̄ = CM + φF (CF − CM ). (2.15)

Another homogenization scheme by Reuss [12] is given by the assumption,
that the microscopic stress σ(x) is equal for all phases of the composite. Sub-
sequently, the stress localization tensor B becomes IS and the homogenized
compliance results in

S̄ = SM + φF (SF − SM ). (2.16)

The homogenized stiffness tensor according to Reuss [12] is determined by

C̄ = S̄−1 =

(
C−1M + φF (C−1F − C−1M )

)−1
. (2.17)

Considering isotropic elastic properties of both matrix and fiber, the material
behaviors are described by Young’s modulus EM and EF and transverse con-
traction νM and νF . Assuming uniaxial tensile load, the effective Young’s
modulus Ē is determined as shown in Figure 2.2. In this case, the Voigt and
Reuss model corresponds to a unidirectional fiber-reinforced composite with
uniaxial load transversal and orthogonal to the fiber orientation, respectively.
The homogenization approaches of Voigt [11] and Reuss [12] take the fiber vol-
ume fraction into account, but not the microstructure architecture in detail. In
contrast, the homogenization scheme by the authors Mori and Tanaka [13] as-
sumes an appropriate RVE and takes the estimated microstructure into account
for homogenization. The authors Eshelby and Peierls [14, 15] introduced the
micromechanical solution for a single elastic ellipsoid-shaped inclusion within
an elastic infinite large matrix. Among other things, this analytical solution
is the basis for many homogenization approaches for short fiber-reinforced
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Figure 2.2: The Voigt and Reuss homogenization approaches and the effect of the fiber volume
fraction φF on the effective Young’s modulus Ē.

composites. An overview of continuum micromechanics and fundamental ho-
mogenization approaches is provided by the author Zaoui [16], including the
approaches by Hill [17, 18], Hashin and Shtrikman [19].
A review of state-of-the-art multi-scale methods for composites is provided
by Kanouté et al. [20]. Specific prediction models for SMC on multiple scale
levels were developed in the first generation of the IRTG graduate program by
several authors [21–24].
Although all homogenization approaches consider different microstructure as-
sumptions, they all require suitable microstructure characterization data. Con-
sequently, detailed microstructure data are essential for reliable mechanical
prediction models.
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2.2 Damage Behavior of Fiber-Reinforced Composites

2.2 Damage Behavior of Fiber-Reinforced
Composites

As a result of the complex microstructure of fiber-reinforced composites, sev-
eral damage mechanisms occur on the microstructural level. An overview of
the damage and fracture mechanisms of fiber-reinforced composites is pro-
vided in this section.

2.2.1 Principles

In practice, the fracture and failure of components can result in catastrophic
consequences. The understanding of the damage and fracture behavior of ma-
terials is essential to predict the lifetime of material systems under load and
design components that meet the necessary requirements.
Since fiber-reinforced composites are highly heterogeneous, different failure
modes occur on the microstructural level. The understanding of initiation,
propagation and interaction of those failure modes is essential to reliably pre-
dict the failure behavior of fiber-reinforced composites. As a result of the het-
erogeneous microstructure, fiber-reinforced composites combine not only the
elastic properties but also the failure behavior of the individual components.
This includes the failure mechanisms of fiber and matrix as well as those of
the interface in between. Figure 2.3 schematically illustrates typical damage
mechanisms of short fiber-reinforced composites, including (a) failure of the
fiber-matrix interface and subsequently, debonding of the fibers from the ma-
trix, (b) breakage of the fiber filaments and (c) crack propagation within the
matrix [25].
The way, in which the fiber architecture is structured, significantly affects the
damaging process and the fracture modes that occur. Consequently, there are
both similar and different damage mechanisms in various fiber-reinforced poly-
mers, such as short fiber-reinforced plastics, discontinuous fiber-reinforced
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SMC and continuous fiber-reinforced laminates. Puck and Schürmann [26],
Greenhalgh [27], Talreja and Singh [28] examined and discussed the forma-
tion and influence of several damage and failure mechanisms within different
fiber-reinforced composites.

Matrix

Debonding

Fiber

σ

σ

(a) Fiber debonding

Fiber breakage

σ

σ

(b) Fiber breakage

σ

σ

(c) Matrix cracking

Figure 2.3: Typical failure modes of (short) fiber-reinforced composites. In (a) failing of the
fiber-matrix interface and resulting fiber debonding, (b) fracture of fibers under tensile
stress and (c) crack propagation through matrix material.

2.2.2 Damage Modeling

Early failure models are addressed to unidirectional and later multi-axial fiber-
reinforced laminates, since here the fiber architecture is periodical and easy
to describe by using mathematics. Inspired by the von Mises yield criterion
for metals [29, 30], several failure models based on maximum stress, maxi-
mum strain, distortion energy [31] and polynomial functions of stress compo-
nents [32] are presented. The heterogeneous microstructure of fiber-reinforced
composites causes several ways of the composites to fail. Instead of combin-
ing all these kinds of failure modes into one criterion, the author Hashin [33]
introduced four failure criteria with respect to tensile and compression load for
fibers and matrix, respectively.
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2.2 Damage Behavior of Fiber-Reinforced Composites

Over the years, a wide variety of failure criteria has been proposed. According
to Talreja and Singh [28], there is no single failure theory that seems to capture
all complexities of composite failure.

2.2.3 Fatigue

In practice, fatigue is the main failure mechanism for composite structures un-
der cyclic loading. Applying cyclic loading generally leads to progressive
damage accumulation, which results in the degradation of macroscopic me-
chanical properties, such as stiffness reduction [34]. The authors Talreja and
Watt [35, 36] investigated the fatigue damage behavior of unidirectional fiber-
reinforced composites. The fatigue life diagram in Figure 2.4 illustrates the
different damage modes with respect to the applied load and number of load
cycles. The experimental study on unidirectional carbon fiber-reinforced epoxy
by Curtis [37] shows a good agreement with the fatigue life diagram by Talreja
and Watt [35, 36].
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Figure 2.4: Schematic fatigue-life diagram for unidirectional fiber-reinforced composites with
tensile load parallel to the fiber orientation, where εc is the composite fracture strain
and εM the fatigue limit of the matrix (re-illustration, original figure by Talreja and
Watt [35]).
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The authors Reifsnider et al. [38] characterized the fatigue life of fiber-rein-
forced composite laminates by three different stages. The first stage is char-
acterized by forming numerous transverse cracks within the matrix and con-
sequently, a rapid stiffness reduction of the composites. The second stage is
proportionally the largest part of the fatigue life. Here, the stiffness is only
slightly reduced, which is caused by delamination and matrix cracking. At the
end of the second stage, no further cracks are formed and a transition from
many microscopic cracks to the formation of a single macroscopic crack takes
place. Finally in the third stage, the macroscopic crack propagates followed by
fracture. The stiffness degradation and three damage stages are schematically
illustrated in Figure 2.5 (a). According to the studies of Hahn and Kim [39] as
well as Reifsnider et al. [38], the authors Friedrich et al. [40] and Schulte [41]
examined coinciding fatigue life stages of composite laminates.
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(a) Schematic stiffness degradation of
composite materials during fatigue life
[38, 41].
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(b) Schematic damage accumulation of com-
posites and homogeneous materials under
fatigue load [42, 43].

Figure 2.5: Classification of fatigue life by three stages in which different damage mechanisms
occur for fiber-reinforced composites. In I) multiple crack formation, II) transition to
single macroscopic crack propagation and III) final fracture (re-illustrations, original
figures by Schulte [41], Mao and Mahadevan [43]).

18



2.2 Damage Behavior of Fiber-Reinforced Composites

By adapting the partition into three damage stages, the authors Mao and Ma-
hadevan [43] introduced a general fatigue damage model, that covers the com-
plex damaging behavior for composites. The fatigue damage progress and the
three damage stages of composite material according to the authors Mao and
Mahadevan [43] are schematically illustrated in Figure 2.5 (b). The author
Stinchcomb [42] investigated the fatigue damage accumulation of composite
laminates and introduced a consistent damage accumulation process.

2.2.4 Fracture Properties

Besides knowing the elastic properties, for designing and applying fiber-
reinforced composites it is important to predict and adjust the effective frac-
ture properties. Since damage is initiated on the microscopic level, the fracture
properties of fiber-reinforced composites are significantly influenced by the
microstructure. One of the main tasks of fibers is reinforcing the mechanical
properties, including the fracture properties. In contrast to the elastic proper-
ties, certain criteria have to be met in order to increase the effective fracture
properties of the composite.

Critical Fiber Length

The matrix material encloses the fibers, protects them and transfers the applied
forces into the fibers through the interface. In case of fibers, longer than the
critical fiber length Lcrit, the shear stress transferred through the interface ex-
ceeds the fiber strength [44–46]. As a consequence, the necessary energy to
debond fiber and matrix is higher than for fiber breakage. Assuming a cylin-
drical fiber cross section, constant fiber tensile strength and interface shear
strength, the critical fiber length Lcrit is determined by

Lcrit =
dFσF,max

4τFM,max
, (2.18)
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with the fiber diameter dF , fiber tensile strength σF,max and interface shear
strength between fiber and matrix τFM,max.

Critical Fiber Volume Content

In contrast to the formation of a single crack in homogeneous materials, vari-
ous damage mechanisms occur in fiber-reinforced composites. These damage
mechanisms are decisively affected by the mechanical properties of the indi-
vidual components and the fiber volume content of the fiber-reinforced com-
posites. According to Cooper [47] by meeting the listed assumptions below:

• Linear elastic deformation of fiber and matrix until fracture (brittle be-
havior)

• Uniform strength of all fibers over the entire length

• Equal strain of matrix and fiber (no debonding)

• The fiber tensile strength is higher than or equal to the matrix tensile
strength (σF,max ≥ σM,max)

• The matrix elongation at break is less than or equal to the fiber elongation
at break (εM,max ≤ εF,max)

single crack formation and multiple matrix cracking is separated by the in-
troduced critical fiber volume φcrit. These assumptions apply specifically to
glass fiber-reinforced thermoset composites, since here the matrix elongation
at break is usually smaller, compared to those of the fibers [48]. In the case of
low fiber volume content, the matrix material mainly determines the composite
strength. When the maximum strain of the matrix is locally exceeded, cracking
of the matrix material occurs. Caused by the low fiber volume content, the in-
tact residual fiber structure cannot bear the applied load. As a consequence, the
crack propagation is not constrained and the entire composite structure fails,
due to the single crack formation. One important property in this case is the
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2.2 Damage Behavior of Fiber-Reinforced Composites

applied fiber stress at matrix failure σF (εM,max) = σ̂F , as shown in Figure 2.6
(a). The effective composite strength is expressed by

σ̄max = σM,max(1− φF ) + σ̂FφF . (2.19)

If the fiber volume content is high and the fiber architecture is sufficiently
strong, the matrix fails first and gradually. Due to the strength of the intact fiber
architecture, complete failure of the composite is prevented. After the first ma-
trix crack initiation, further increasing the applied load causes the maximum
matrix strain to be exceeded at several locations in the composite. As a result,
additional cracks are formed and multiple cracking of the matrix occurs. Ac-
cording to Cooper [47] in this case the composite strength is determined solely
by the still intact fiber structure by

σ̄max = σF,maxφF . (2.20)

Introducing the critical fiber volume content φcrit as the transition between sin-
gle and multiple cracking, as shown in Figure 2.6 (b).
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Figure 2.6: Effective composite strength σ̄max with respect to the fiber volume content φF . Im-
pact of the fiber volume content φF on the damage mechanism and the critical fiber
volume content φcrit.
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As presented and discussed by Cooper [47], Figure 2.7 illustrates schemati-
cally the mechanical behavior of the composites with respect to fiber volume
contents below and above the critical fiber volume content. The stress-strain
curve of multiple matrix cracking is characterized by a yield point, at which
the maximum matrix strain is reached and initial damage occurs [47].
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Figure 2.7: Schematic illustration of the stress-strain curve for composites with fiber volume
content above and below the critical one, according to Cooper [47]. Impact of the
fiber volume content on the formation of single or multiple cracks (re-illustration,
original figure by Cooper [47]).

2.2.5 Crack Orientation Tensor

In general, fiber-reinforced polymers show anisotropic mechanical properties
and the combination of fiber and matrix leads to the appearance of several
damage modes. As a result, damaging generally also occurs in an anisotropic
way.
In the contribution of Kachanov [49–52], Lubarda and Krajcinovic [53], the
crack density distribution ρ(g) is used to describe the anisotropic damage. The
crack orientation is represented by its normal vector g, as shown in Figure 2.8.

22



2.2 Damage Behavior of Fiber-Reinforced Composites

FF g

Crack

Figure 2.8: Introducing the crack orientation based on the crack normal vector g.

The total crack density ρ0

ρ0 =

∮
ρ(g) dg (2.21)

is determined by integration over all directions g. Introducing the second-order
crack density tensor P , the crack density distribution ρ(g) can be approxi-
mated by

ρ(g) = P · (g ⊗ g), (2.22)

Based on the symmetric second-order crack orientation tensorD

D =

∮
ρ(g)g ⊗ g dg, (2.23)

the second-order crack density tensor can be substituted by

P =
15

8π

(
D − ρ0

5
I

)
, (2.24)
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where I is the second-order identity tensor [53]. Subsequently, based on
the crack orientation tensor D the crack density distribution is approximately
given by

ρ(g) =
15

8π
D[g ⊗ g]− 3ρ0

8π
. (2.25)

This means that the anisotropic part of P and ρ is represented entirely by the
crack orientation tensor D. The presented tensor calculations are introduced
in the contribution of Lubarda and Krajcinovic [53]. Furthermore, the crack
density tensor and distribution is applied to the experimental data by Hallbauer
et al. [54] on microcrack orientation and density in quartzite specimen. The
results demonstrate how experimental data are used to evaluate the crack ori-
entation distribution by means of the tensor formulations.

2.3 Micro-Computed Tomography

Developed by Cormack and Hounsfield the X-ray computed tomography sys-
tem [55] was introduced in 1972. For their invention, Cormack and Hounsfield
received the Nobel Prize in Physiology or Medicine in 1979 [56].
In recent years, the development of modern Micro-Computed Tomography
systems (µCT) enables the ability to image internal structures in even more
detailed manner. As a result, µCT imaging became an important method for
nondestructive characterization in material science. Especially for the investi-
gation of composite microstructures.
This section provides an overview of X-ray tomography principles, the setup
of computed tomography systems and the reconstruction of volumetric images.
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2.3.1 X-ray Attenuation

During the µCT scanning process the analyzed object is screened by a X-ray
beam. The Lambert-Beer-Law

I(L, µ) = I0 exp

(
−
∫ L

0

µ(x) dx

)
, (2.26)

describes the intensity degradation of waves while transmitting an object [8,
57, 58]. I0 is the initial intensity, I the intensity after transmission, L the
transmission length and µ(x) the linear attenuation coefficient, as illustrated in
Figure 2.9.

L

Incident
beam

I0 I

Transmitted
beam

µ(x)

dx

Figure 2.9: Illustration of the Lambert-Beer-Law of decreasing beam intensity and the linear
attenuation coefficient µ.

The linear attenuation coefficient µ

µ = µs + α (2.27)

is the effective combination of the scattering coefficient µs and the absorption
coefficient α [58]. The attenuation coefficient is affected by three major prop-
erties. The photon energy of the incident beam (beam-specific), the atomic
number and the mass density ρ of the transmitted material (material-specific).
The mass density invariant aspect is given by the mass attenuation coefficient
µm
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µm =
µ

ρ
. (2.28)

The average photon energy of typical X-ray CT systems is 60 keV, according
to Low [59]. Table 2.1 summarizes the mass attenuation coefficient of some
selected elements and compounds at 60 keV photon energy.

Table 2.1: Mass attenuation coefficients µm of elements and compounds (data on quartz by Han
et al. [60] and the other data by Hubbell and Seltzer [61])

Material Atomic
number

Mass
attenuation

Photon
energy

in cm2g−1 in keV

Hydrogen 1 3.260e− 01 60.0
Carbon, Graphite 6 1.753e− 01 60.0
Aluminum 13 2.778e− 01 60.0
Silicon 14 3.207e− 01 60.0
Air (dry, near sea level) 1.875e− 01 60.0
Glass, Borosilicate 2.417e− 01 60.0
Glass, Lead 3.843e− 01 60.0
Quartz (SiO2) 2.600e− 01 59.5
Bakelite 1.866e− 01 60.0
Polyethylene (PE) 1.970e− 01 60.0
Polystyrene (PS) 1.870e− 01 60.0

In general, the effective mass attenuation µ̄m of compounds is determined by

µ̄m =
∑
i

wiµm,i, (2.29)

where wi is the weight fraction and µm,i the mass attenuation coefficient of the
component i [59].
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2.3.2 Geometry and Magnification

The principle µCT system setup consists of a X-ray tube, a detector and a
manipulator, as shown in Figure 2.10. The scanned object is incrementally
screened from various angles over 360◦. The initial and transmitted beam in-
tensity is measured by using the tube controller, calibration data and the detec-
tor. As a result, spatial information of the linear attenuation coefficient inside
the object are acquired.
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Figure 2.10: General cone-beam computed tomography setup.

Goal of the µCT scanning process is determining a volumetric image of the
screened object. Volumetric images are composed of discrete volume elements
called voxels, where the voxel size is used as a measure for the image resolu-
tion. The voxel size of the resulting volumetric image ∆Lvoxel is adjusted by
the detector pixel pitch ∆LDetector and the geometrical magnification by

∆Lvoxel =
LFO

LFD︸︷︷︸
geometrical magnification

∆LDetector. (2.30)

By placing the scanned object closer to the X-ray tube, the voxel size ∆Lvoxel

is minimized and high-resolution volumetric images are acquired. However, in
this case also the scanned volume is reduced. The geometrical link between the
voxel size and the scanned volume is illustrated in Figure 2.11 schematically.
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Figure 2.11: Conflict between voxel size and scanned volume of the cone-beam computed tomog-
raphy setup.

2.3.3 Reconstruction

The µCT system screens the analyzed objects from several angles by the X-ray
beam and the detector acquires two-dimensional projections of the transmitted
beam intensity. Task of the reconstruction process is the determination of a
gray-value volumetric image based on the acquired projections. The inverse
problem can be solved by algebraic or statistical reconstruction methods. The
authors Herman and Sameer [62] present several algebraic and statistical re-
construction approaches for various applications. Since the algebraic methods
are computational expensive, usually statistical reconstruction methods are ap-
plied. The authors Feldkamp et al. [63] introduced a fundamental reconstruc-
tion approach for cone-beam µCT systems. The filtered backprojection method
is commonly used in most reconstruction applications. Figure 2.12 illustrates
schematically how the volume data are reconstructed based on projections ac-
quired by various angles. The authors Geyer et al. [64] provide an overview of
modern state-of-the-art iterative reconstruction methods.
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(a) Projections. (b) Filtered backprojection.

Figure 2.12: The filtered backprojection reconstruction process (figures by Carmignato et al. [8]).

2.3.4 Volumetric Images

The µCT scanning and reconstruction process acquires gray-value volumetric
images g(x, y, z), which represent the spatial distribution of the linear attenu-
ation coefficient. The shape of voxels is usually cuboid. In case of isotropic
voxel size (∆Lx = ∆Ly = ∆Lz), the voxels are cube shaped. Besides scalar
values, also vectorial quantities can be assigned to voxels, as shown in Fig-
ure 2.13. Moreover, two-dimensional cross section images can be extracted
from the volumetric images.

2.3.5 In-situ µCT Testing

Modern µCT systems offer the opportunity to acquire detailed volumetric im-
ages of microstructures in a non-destructive way. Additionally, by combin-
ing mechanical testing and µCT scanning, the examined microstructures are
scanned in-situ while load is applied. As a result, in-situ µCT setups enable to
generate volumetric images of the analyzed microstructure through the entire
damage process.
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Figure 2.13: Properties of volumetric images, like gray-values g (scalar), fiber orientations n
(vector) and two-dimensional cross section image.

In Figure 2.14 different ex-situ and in-situ imaging strategies are illustrated.
Since laboratory X-ray µCT scans take several minutes to hours to complete,
the temporal resolution is limited and only ex-situ or interrupted in-situ exper-
iments are carried out. In contrast to laboratory µCT systems, the temporal
resolution of scans performed by using synchrotron radiation-based µCT sys-
tem (SRCT) are significantly higher from 0.05 s to 5 min per scan [65]. As a
result, SRCT enables continuous streaming of uninterrupted mechanical tests,
as shown in Figure 2.14 (d). The experimental part of this doctoral thesis fo-
cuses on interrupted in-situ testing by using laboratory µCT systems.
The characterization of microstructural damage properties, such as crack length
and crack density is essential to enable novel fracture prediction models for
composites [53, 66–70]. Goal of in-situ µCT testing is the detailed character-
ization of internal structures while applying external load. As a result, in-situ
µCT testing provides valuable data of the damage propagation of composites
on the microstructural level [71].
A study of different µCT scanning strategies was carried out by the authors Yu
et al. [72], in order to explore the optimum method to image fatigue damage in
glass fiber woven composites. Here, the size and contrast of the cracks must be
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Figure 2.14: Classification of different ex-situ and in-situ imaging strategies. Schematic illustra-
tion of the test protocols and stress curves, where the load is applied displacement
controlled (re-illustration, original figures by Garcea et al. [65]).

sufficiently high to reliably observe and analyze cracks. When the specimen is
unloaded during ex-situ tests, the transverse cracks in the inside of the damaged
specimen close. The authors Yu et al. [72] figured out, that both increasing the
spatial resolution and scanning while applying load increases the detectability
of cracks.
Through performing in-situ and ex-situ tests under cyclic load the different
damaging stages of fatigue life are observed and characterized [73–76]. The
authors Böhm et al. [77] performed and compared both ex-situ and in-situ µCT
tests on carbon fiber-reinforced polymers (CFRP). The study shows that quanti-
tative damage indicators including crack length, density and delamination area

31



2 State-of-the-Art

are significantly different when scanned under applied load. Consequently,
the authors recommend in-situ µCT testing in case of microstructural damage
characterization.
The SRCT imaging techniques enable generating high-resolution volumetric
images with a voxel size down to 0.7 µm in a short time [78]. In-situ tests on
carbon fiber-reinforced composites under quasi-static and fatigue load cases
by using SRCT were carried out by several authors [78–82]. Goal of the in-
vestigation is analyzing the initiation, nucleation and propagation of different
failure modes. The authors Cosmi and Bernasconi [83] investigated the dif-
ferent stages of fatigue life of short glass fiber-reinforced polyamide by means
of interrupted in-situ SRCT. Through high-resolution volumetric images with a
voxel size of 2 µm the micro-void density along the fatigue life is characterized.
The authors Garcia et al. [65, 84–87] investigated the fatigue damage mecha-
nism of carbon fiber-reinforced polymer laminates by using both synchrotron
and laboratory µCT systems. Although, SRCT acquire higher-resolution im-
ages than the laboratory µCT, the scan volume still limits the study to small
samples [65]. Furthermore, laboratory µCT systems are much more available
than those using synchrotron radiation.
Performing mechanical tests inside µCT systems leads to limited installation
space and test performance. Especially in terms of fatigue testing were com-
mercial in-situ setups are not available, the performance of in-situ µCT setups
is limited compared to those of regular laboratory setups.

2.4 Image Processing

In addition to the development of µCT systems, the importance of image pro-
cessing methods for evaluation of the acquired data increased in recent years.
By enabling high-resolution µCT scans and subsequently, the observation of
microstructures in an even more detailed manner, novel image processing
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methods in different research fields and applications for the effective analy-
sis are developed. The goal of image processing methods applied in material
science is commonly the extraction and characterization of microstructure fea-
tures, while facing the challenge of image noise and bad contrast.
In this doctoral thesis, the introduced image processing methods are focused on
volumetric images acquired by µCT scanning. Although volumetric images are
analyzed, image processing approaches developed for two-dimensional images
are adopted and applied. This section provides an overview of fundamental
image processing methods.

2.4.1 Convolutional Filter

An effective way to process images is given by convolutional filters. In general,
the convolution of images is applied through convolving the input image g with
the filter function f by

(g ∗ f)(x) =

∫ ∞
−∞

f(x′)g(x− x′) dx′. (2.31)

Since the volumetric images are build up by discrete voxels discrete filter
masks are applied. The discrete image convolution for three-dimensional im-
ages is given by

gf (x, y, z) =
∑
x′

∑
y′

∑
z′

f(x′, y′, z′)g(x− x′, y − y′, z − z′) (2.32)

and for two-dimensional images by

gf (x, y) =
∑
x′

∑
y′

f(x′, y′)g(x− x′, y − y′), (2.33)
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with the input image g, the discrete filter mask f and the modified image gf .
The application of convolution filters to two-dimensional images is schemati-
cally illustrated in Figure 2.15.

ex

ey

225 225 75 75 75 225 225

225 225 75 75 75 225 225

225 225 75 75 75 225 225

225 225 75 75 75 225 225

225 225 75 75 75 225 225

input image g(x, y)

-150 -150 0 150 150

-150 -150 0 150 150

-150 -150 0 150 150

modified image gf (x, y)

summultiply

f1,3

f1,2

f1,1

f2,3

f2,2

f2,1

f3,3

f3,2

f3,1

filter mask f(x′,y′)

mask size

m
as

k
si

ze

Figure 2.15: Illustrating the application of convolutional filters on two-dimensional images. Filter
mask f(x′,y′) according to Equation 2.35. By applying the filter mask with a mask
size of three, the input image size is reduced by two in both dimensions, since the
filter mask cannot applied to the image edges (no image extension).

Common image processing tools that are applied through image convolution
are the Gaussian smoothing and the image gradient. The three-dimensional
Gaussian filter mask is given by

fσ(x′, y′, z′) =
1

(
√

2πσ)3
e−

x′2+y′2+z′2

2σ2 (2.34)

and the two-dimensional image gradient filter mask in ex-direction with a mask
size of three by

fx(x′, y′) =


−1 0 1

−1 0 1

−1 0 1

 . (2.35)

The image gradient filter fx in Equation 2.35 corresponds to the filter mask
applied in Figure 2.15.
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2.4.2 Threshold Segmentation

Gray-value threshold segmentation approaches are suitable for applications in
which the gray-values can be directly assigned to individual distinguished ob-
jects [8]. The basic approach of gray-value thresholding is given by subdivid-
ing the gray-value histogram by means of the threshold values k, as shown in
Figure 2.16. Subsequently, all voxels are then assigned to the corresponding
object based on their gray-value.
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Figure 2.16: Illustration of the simple gray-value thresholding principles for segmenting two
objects (Schematic gray-value histogram).

The threshold k is either defined manually or determined by using a threshold
method, that takes particular aspects of the gray-value histogram into account.
A frequently applied method to determine thresholds in many different appli-
cations is introduced by the authors Otsu et al. [88, 89]. The authors Pinter
et al. [90, 91] compared different threshold methods in order to separate fibers
and matrix in composites. As a result, the authors revealed that the moment-
preserving threshold introduced by the author Tsa [92] works best in terms of
separating fiber and matrix of GFRP composites.
The authors Fredo et al. [93], analyzed the damage effect of impact load on
glass fiber-reinforced polymer composite laminates. Based on µCT scanning
of the damaged samples and by means of simple gray-value thresholding (i.a.
Otsu [88]) the damaged areas are segmented within the volumetric images.
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Based on the determined segmentation data, perimeter, eccentricity and ratio
of the damage regions are measured and studied by the authors.

2.4.3 Seed-Region-Growth Segmentation

Besides, simple gray-value thresholding there is a wide range of advanced
segmentation approaches for various applications. Simple thresholding only
involves the voxels gray-value; however, advanced segmentation approaches
take further aspects, such as the relationship of adjacent voxels into account.
Consequently, there is a wide range of segmentation approaches which meet
the criteria of various applications. Especially, in medical science regarding
the segmentation of specific parts of the human skull [94, 95].
The authors Adams and Bischof [96] presented a frequently applied Seed-
Region-Growing (SRG) segmentation approach. The approach is based on
two gray-value thresholds, as illustrated in Figure 2.17. In the beginning, seed
regions are defined by simple gray-value thresholding kseed. Subsequently, ad-
jacent voxels, which meet the second threshold criteria kgrowth are iteratively
added to the regions. The SRG segmentation process completes, when no more
adjacent voxels are added.
Figure 2.17 shows the SRG segmentation process including the initial image,
defined seeds and finally segmented region. In (a) the initial image, in (b)
the seed voxels and in (c) the iterative region growing result are illustrated.
The SRG method segments contiguous objects where voxels with a high gray-
value above kgrowth or without neighboring bond to the growing region(s) are
not segmented, as shown in Figure 2.17 (c). As a result, individually segmented
voxels outside the grown region are usually avoided.
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(a) Initial image

Seed region:
∀g ≤ kseed

(b) Define Seeds

Seg. region:
∀g ≤ kgrowth

(c) Region growth

Figure 2.17: Illustrating the segmentation process of the Seed-Region-Growing (SRG) method.
(a) shows an exemplary input image and in (b) the seed voxels are defined by a strict
threshold kseed. Subsequently, the region is expanded iteratively by using the second
threshold kgrowth in (c).

2.4.4 Closing Operation

When analyzing image data, noise is always an aspect that has to be considered.
Image noise and artifacts can cause individual voxels to be incorrectly assigned
during the object segmentation process. Especially in case of salt-and-pepper-
noise, where the gray-value of individual voxels is significantly higher or lower
than those of the surrounding voxels. As a consequence, after segmentation
the image data is further processed in order to achieve a better overall result.
By applying morphological closing operations, voxel errors within segmented
objects can be eliminated [97, 98].
The images in Figure 2.18 demonstrate the capability of the closing operation
to reduce binary voxel errors. Here, two exemplary binary images in (a) are
modified by adding salt-and-pepper-noise (33 %-noise) in (b) which is then
eliminated by applying the closing operation in (c). Afterwards only minor
artifacts remain compared with the original images.
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(a) Original images. (b) Salt-and-pepper-noise. (c) Closing operation.

Figure 2.18: Eliminating binary errors by using morphological closing operation. Two binary
images with a grid and a circle are shown in (a). In (b) salt-and-pepper-noise is
added to the original images (33 %-noise) and (c) shows the closing operator result
(background in black and segmented object in white).

2.5 Microstructure of Fiber-Reinforced
Polymers

The effective macroscopic mechanical properties are a result of the combina-
tion of fiber and matrix on the microscopic level. The mechanical properties
of the polymer matrix are usually considered isotropic, whereas the fiber archi-
tecture can be highly anisotropic and combines several aspects, such as fiber
volume fraction, orientation and length distribution.
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2.5.1 Fiber Orientation Principles

The microstructure of fiber-reinforced polymers significantly affects the me-
chanical properties. One essential aspect is the fiber orientation. In general, the
fiber orientation is quantified by using the fiber orientation distribution ψ(p).
The distribution function ψ(p) returns a proportion value of fibers aligned in
the related direction of unit vector p. The fiber orientation distribution must be
symmetric in terms of

ψ(−p) = ψ(p) (2.36)

and normalized by ∮
ψ(p) dp = 1. (2.37)

The fiber orientation distribution provides a closed and explicit description
of the fiber orientation state [99]. Since the fiber orientation is difficult to
parametrize, a convenient description is required. Motivated by the Fourier
series expansion the authors Advani and Tucker [99] introduced an alternative
formulation based on tensors. The n-order fiber orientation tensor is intro-
duced by the n-th dyadic product of the unit vector p multiplied with the fiber
orientation distribution and the integration over all spatial directions. The ex-
act formulation of the Fourier series includes a large number of n-order fiber
orientation tensors, is complex and usually not necessary. Consequently, in
most applications, such as prediction of mechanical behavior and prediction of
the fiber orientation through process simulation (Gupta and Wang [100]), using
the second-order (and fourth-order) fiber orientation tensor in Equation 2.38 is
sufficient.

N =

∮
p⊗ pψ(p) dp. (2.38)

Since in practice the distribution function ψ(p) is usually not available, the au-
thor Ken-Ichi [101] introduced an empirical formulation based on N detected
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fiber orientations ni. The empirical second-order fiber orientation tensor is
determined by

N =
1

N

N∑
i=1

ni ⊗ ni. (2.39)

Based on the empirical second-order fiber orientation tensor N , a smoothed
distribution function ψ is calculated by

ψ(p) ≈ 1

4π
+

15

8π
BF (p), (2.40)

where B = N − 1
3I , F (p) = p ⊗ p − 1

3I and I represents the identity
tensor (Advani and Tucker [99]). The second-order fiber orientation tensor is
symmetrical

N = NT (2.41)

and as a consequence of the normalization condition (‖ni‖ = 1, ∀i = 1 . . . N ),
the first principal invariant ofN is normalized by

tr(N) = 1. (2.42)

2.5.2 Fiber Orientation Measurement

The fiber orientation state is essential for predicting the mechanical proper-
ties of fiber-reinforced composites. In Section 2.1.2 various homogenization
approaches are introduced. All approaches require accurate and reliable fiber
orientation data.
The author Kau [102] introduced an image processing method to measure the
fiber orientation on the surface of molded sheet molding compound plates
based on optical photography. In order to increase the resolution and the mea-
surement accuracy, the authors Gupta and Wang [100] extracted samples at
different locations of short fiber-reinforced composite plates. The plates were
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manufactured by injection molding and the acquired data are used for the val-
idation of simulation models. The authors Jackson et al. [103] applied and
validated the model established by Folgar and Tucker [104] for compression
molding of short fiber-reinforced composites by adopting the particle-tracking
scheme published by Givler et al. [105].
Modern µCT systems become an essential measurement tool in material char-
acterization, enabling the non-destructive and three-dimensional observation
of microstructures. The authors Schladitz et al. [106] used volumetric images
acquired through µCT scanning and an anisotropic Gaussian filter to determine
the fiber orientation of sheet molding compounds. An alternative method is
introduced by Pinter et al. [107]. The authors make use of the structure tensor,
presented by Krause et al. [108] in order to measure the local fiber orientation
on the voxel level. Here, the local fiber orientations are determined without the
need to segment the individual fibers.
By using X-ray scatter dark field tomography and attenuation-based µCT the
authors Hannesschläger et al. [109] analyzed the microstructure of glass fiber-
reinforced polymer parts manufactured by injection molding. The authors Han-
nesschläger et al. examined the fiber orientation at different locations along the
mold flow including weld lines.

2.5.3 Single Fiber Tracking

Section 2.5.2 provides an overview of volumetric image processing meth-
ods for determining fiber orientation without the need to segment individual
fibers. Besides the fiber orientation, the fiber length distribution and further the
fiber aspect ratio are essential microstructure aspects that have to be consid-
ered while predicting the mold flow and the mechanical behavior. Especially,
for short fiber-reinforced composites that are manufactured by using injection
molding the fiber length distribution is a highly relevant microstructure aspect.
In order to characterize the fiber length distribution through µCT scanning, the
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individual fibers have to be segmented within the acquired volumetric images.
To reliable segment the individual fibers, high-resolution images are necessary.
In general, volumetric images with a voxel size of at least three to six times
smaller than the fiber diameter are required [110–113].
The authors Hessman et al. [111], Pinter et al. [110], Maertens et al. [114]∗,
Glöckner et al. [115], Teßmann et al. [116], Kastner et al. [112] and Salaberger
et al. [113, 117] introduced and applied different approaches to reliably track
individual fibers based on the circular voting filter, segmentation, skeletoniza-
tion and Monte-Carlo algorithm.

2.5.4 Fiber Bundle Tracking

The fiber architecture of sheet molding compounds is distinguished by fibers
arranged as fiber bundles. The authors Meyer et al. [118]∗, introduced a di-
rect bundle simulation model, in order to predict the fiber bundle arrangement
through process simulation. The model is validated by using µCT scans, char-
acterized fiber bundle curvature and fiber orientation data.
Another fiber bundle based micromechanism deformation model is presented
by the authors Guiraud et al. [119]. In addition to pull-out experiments, the
microstructure is characterized by µCT scanning. Using the image processing
method, introduced by Le et al. [120] fiber bundles are manually segmented
and the orientation, bending, thickness, width and cross section area is mea-
sured. Since in this study fiber bundles are assumed to be straight, they are
described by their orientation vector. The authors Guiraud et al. [119] used
both, high-resolution volumetric images with a voxel size of 3.2 µm acquired
by synchrotron µCT and volumetric images with a voxel size of 15.6 µm ac-
quired by laboratory µCT.
Additionally to µCT scanning, the authors Dumont et al. [121] utilized the
transparent polymethylmethacrylate (PMMA) matrix, in order to optically ob-
serve the in-plane deformation before and after mold flow deformation. In the
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publications of Dumont et al. [121] and Le et al. [120] the voxel size of the
applied volumetric images is 7.5 µm.
Besides material science, µCT scanning and image processing is a key diagnos-
tic method in medical science. In order to investigate the connections within
the human brain, bundle tracking methods are applied. The authors Mori and
van Zijl [122] provide an overview of different bundle tracking methods. A
second-order probabilistic integration approach is presented by the authors
Tournier et al. [123, 124]. The approach tracks along the stepwise most prob-
able path. As a result, the connections within the human brain are reliably
tracked, facing the challenge of crossing connections.
The authors Song et al. [125] analyzed the fiber orientation within initial
charges and compression molded parts of long fiber-reinforced thermoplas-
tics (LFT). The results show that the fiber orientation determined based on the
fiber bundles is similar to those of the individual fibers.
By adapting the tracking methods based on Hessian matrix and eigenvalue
analysis of the authors Basser et al. [126] and Mori et al. [122, 127] from
the field of medical science, the authors Bhattacharya et al. [128] tracked and
analyzed fiber bundles within carbon fiber woven fabrics. Similar to the work
by Bhattacharya et al. [128], the author Straumit et al. [129] utilizes that the
fiber bundles in woven composites are structured and arranged in an orderly
way. Here, fiber bundles are segmented from the surrounding matrix by means
of the structure tensor and a voxel-based representative volume element of the
periodic microstructure is determined.
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2.5.5 Mapping of Microstructure Properties

The data management and transfer between different research fields is a key
goal in today’s material science. For instance, the data transfer of macroscopic
mechanical properties and microstructure data between the research fields of
characterization and simulation is important to develop and apply new mate-
rial systems. Besides the interdisciplinary transfer between research fields, it is
also important to pass data over multi-scale levels. Especially in case of numer-
ical prediction models of fiber-reinforced composites, where the microstructure
fundamentally affects the macroscopic mechanical properties. For the transfer
of process simulation results of different process steps to the next step, the
multi-physics mapping scheme MpCCI was developed at the Fraunhofer Insti-
tute for Algorithms and Scientific Computing [130].
The input of microstructure data, such as fiber orientation tensors are important
for state-of-the-art material prediction models. Novel numerical models pre-
dict the mechanical behavior of fiber-reinforced polymers in a more detailed
manner. However, in order to increase the prediction accuracy more detailed
microstructure data are necessary.
Based on the fiber orientation method presented by Pinter et al. [107], the au-
thors Schöttl et al. [131]∗ introduced methods to segment individual layers of
unidirectional fiber-reinforced laminates. As a result, the fiber orientations are
analyzed and mapped individual for each laminate layer. The mapping scheme
is described and applied as part of this doctoral thesis in chapter 4 and chap-
ter 6. The obtained fiber orientation data of the individual laminate layers are
then used to validate process simulation models [132]. Furthermore, the map-
ping scheme is used as part of a virtual process chain, in order to provide fiber
orientation data for the validation of compression molding simulation on the
one hand and input data for structural simulation on the other [9, 10].

44



2.6 Digital Volume Correlation

2.6 Digital Volume Correlation

Surface digital image correlation (DIC) is well established, both for flat sur-
faces by using a single camera and curved surfaces with a stereo camera
system. By applying a speckle pattern on the specimen surface, the DIC
determines displacement field data of the observed surfaces. Adapting the
DIC fundamental principles to volumetric images, digital volume correla-
tion (DVC) enables three-dimensional displacement measurement within mi-
crostructures [133, 134]. One of the first applications of DVC to µCT data was
published by the authors Bay et al. [133], in which the deformation of bones
was studied.

2.6.1 Principles

Image correlation techniques have been developed to measure displacement
fields in a non-contacting way based on image data acquired by single camera,
stereo camera or µCT systems. The measured displacement field data are es-
sential in many fields of solid mechanics, such as food science [135], medical
science [136], geo-mechanics [137] and material science [138]. An overview
of the DIC and DVC techniques developments is provided by the publications
of the authors Sutton et al. [139–142]. Emerging from DIC, the development of
DVC techniques is related to those of modern µCT systems and in-situ testing.
Through in-situ µCT scanning, volumetric images of the initial and deformed
state of the same samples are acquired. An introduction into in-situ techniques
is provided in Section 2.3.5.
Using DIC displacement measurement technique, a speckle pattern is usually
applied on the observed surface, in order to track the movement. Analyzing
homogeneous materials, the displacement cannot be determined by using DVC
and µCT scanning since there is no traceable microstructure. To overcome this
issue, the authors Germaneau et al. [138] added small dense copper particles
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to silicon and unsaturated polyurethane resin, in order to improve the local X-
ray contrast. Although, the volume fraction of the particles between 1.0 % and
0.2 % is low, there is still an impact on the mechanical properties. Moreover,
the local high density difference between the copper particles and the resin lead
to artifacts within the acquired volumetric images. Analyzing fiber-reinforced
polymer µCT scans, the highly heterogeneous microstructure provides high-
contrast volumetric images and functions as an intrinsic speckle pattern. Con-
sequently, no additional tracing particles have to be added here [143].

2.6.2 Deformation Measurement

To apply DVC, an initial volumetric image g0 of the undeformed object and a
current image gt of the deformed object are acquired. The DVC technique is
based on the assumption, that by applying the correct displacement field u on
the initial volumetric image g0 the current image gt is determined by

g0(u) u gt. (2.43)

Figure 2.19 schematically shows the DVC process. Due to the deformation, the
material point P within the object is shifted. The initial and current position of
point P is given by the vectorsX and x, respectively.
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Figure 2.19: Digital volume correlation principles illustrated schematically on artificial data.
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The displacement field u is parametrized by assuming either rigid transforma-
tion, affine transformation or local deformation of the object and corresponding
interpolation functions. Subsequently, the displacement field is described by a
set of parameters. The correct displacement field is determined by iteratively
optimizing these parameters, until the Equation 2.43 is sufficiently fulfilled.
The global correlation coefficient C

C =

∫
V

‖g0(u)− gt‖ dv (2.44)

quantifies the loss score of the optimization loop.
Solving the DVC optimization problem is computational expensive. Espe-
cially, for large volumetric images and complex deformation cases. Conse-
quently, multi-threading and efficient implementation are important to apply
DVC in an acceptable run time. The authors Klein et al. [144] and Shamonin
et al. [145] provide the efficient open-source DVC toolbox Elastix. In addition
to open source code, DVC methods are also available in commercial µCT data
processing software tools. For instance, the µCT-data analyzing softwares by
Thermo Fisher Scientific (Amira-Avizo) [146], LaVision (StrainMaster) [147]
and Volume Graphics (VGSTUDIO MAX 3.4) [148] provide DVC modules.
Besides the application in material science in terms of characterization, DVC
methods are used together with microstructure simulation models. The three-
dimensional deformation of polypropylene solid foam by means of µCT and
DVC is analyzed by the authors Roux et al. [149]. The three-dimensional
deformation is determined by using an approach, which combines the DVC
technique and finite element method (FEM). The authors apply an introduced
basis function from FEM (C8P1 elements) as a basic displacement function
for the DVC. Subsequently, continuum mechanical aspects are considered and
the results from DVC measurement and FEM calculation are coherently com-
pared [150–152].
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2.7 Artificial Intelligence

In this section fundamental methods of artificial intelligence in terms of image
processing are introduced. Section 2.7.1 provides a brief historical review and
introduces the fundamental idea behind artificial intelligence. In Section 2.7.2
the basic applications of artificial neural networks (ANN) are presented. Con-
volutional neural networks (CNN) adapt ANN for the use of image processing
based on convolutional filter masks. Lastly, an overview on CNN functions is
provided in Section 2.7.3.

2.7.1 Principles

One of the key figures of modern computational science is Turing [153] for
introducing basic concepts of today’s computational intelligence and science
in general. In 1943, the foundations of modern ANN were laid by the authors
McCulloch and Pitts [154] for the first fundamental modeling of biological
neurons based on logical operators and later in 1949 by the author Hebb [155]
through linking single neurons and building up an ANN. The 1956 research
workshop organized by McCarthy et al. [156] is widely regarded as the birth
of modern artificial intelligence. Driven by the computer hardware develop-
ment in the last decades, ANN gained increasing importance and found vari-
ous applications, among others, in the research fields of medical science [157],
transportation [158] and banking [159], as shown in Figure 2.20.
Regarding artificial intelligence, this doctoral thesis focuses on supervised ma-
chine learning concepts. ANN are powerful methods for data processing in-
spired by natural neural networks. In contrast to classical data processing
methods, no rules are previously defined, but determined by training using in-
put data and associated ground truth, as illustrated in Figure 2.21. As a result,
ANN and CNN are appropriate for the use in application cases with sufficient
training data and repeating patterns.
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Figure 2.20: Incremental value from artificial intelligence usage in selected sectors 2018 (data by
Chui et al. [158, 159]).
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Figure 2.21: Contrast between classical programming and artificial neural network paradigm
(re-illustration, original image by Chollet [160]).

2.7.2 Artificial Neural Networks

Inspired by biological neural networks, ANN are build up of a large number
of neurons, as shown in Figure 2.22. The input data of each neuron is pro-
cessed using non-linear activation functions f . The communication between
the neurons is modeled by weighting factors w.
In general, the neurons within an ANN are structured by layers as shown in
Figure 2.23. The first layer receives the input data and is called input layer.
The last layer is the output layer and returns the predicted results. The layers
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(a) Biological neural network. (b) Artificial neural network.

Figure 2.22: Connection and communication between (a) biological and (b) artificial neural net-
works (figures by Samarasinghe [161]).

between input and output layer are called hidden layers and represent the ac-
tual network. The combination of neurons, activation function and connection
structure is called the architecture of the ANN.
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Figure 2.23: Interaction of the input data, neurons, connections, the layer-wise structure and the
predicted results of artificial neural network.
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The output signal bj of a neuron j is determined by multiplying the output
signals ai of the previous neurons i with the weighting factors wi, i = 1, . . . N

of the connection, summing up and applying the activation function fj by

bj = fj(zj), with zj =

N∑
i=1

wiai, (2.45)

and illustrated in Figure 2.24. The function of the whole ANN is the result of
the interaction of all neurons.

...

previous
Neuron i

considered
Neuron j

subsequent
Neuron

a1 w1

aN

wN
bj

fj

Figure 2.24: Data processing and activation function f of a single neuron j within an artificial
neural network.

Frequently applied activation functions are the sigmoid and rectified linear unit
(ReLU) function listed in Equation 2.46 and Equation 2.47, respectively [162].

Sigmoid: f(z) =
1

1 + e−z
(2.46)

Rectified Linear Unit (ReLU): f(z) =

0, if z < 0.

z, if z ≥ 0.
(2.47)
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In addition to the sigmoid and the ReLU function, the softmax function is an
activation function which is designed for the usage within the output layer of
classification applications. By applying the softmax function

Softmax: fj(z1, . . . , zN ) =
ezj∑N
i=1 e

zi
(2.48)

the sum of the N output signals is normalized.
The architectures of ANN are universally applicable for many different tasks.
In order to complete the ANN model and use it for a specific application, the
weighting factors wi must be determined. This is the goal of the training pro-
cess, in which the optimal weighting factors for a specific application are de-
termined based on a training data set, including input data and corresponding
ground truth. The weighting factors are determined by iterative optimization,
as shown in Figure 2.25.

Training data

Input dataArtificial Neural
Network (ANN)

Prediction

Loss function Ground truth

Loss score

Optimizer

Weight update

Weights

Figure 2.25: Determination of weight factors by using the training data set and iterative optimiza-
tion (re-illustration, original figures by Chollet [160]).

Task of the loss function is to return a steady loss score, which represents the
current training status. An appropriate set of weighing factors is found when
the loss score is sufficiently small. A commonly used loss function is the cross
entropy given by

Cross-Entropy (M > 2): loss = −
M∑
i=1

yi log(pi), (2.49)
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where the prediction probability p is the proportion of correctly predicted re-
sults and y the training data fraction of the M -number classes. In case of a
binary classification task (M = 2) the binary cross entropy is determined ac-
cordingly by

Binary Cross-Entropy: loss = −y log(p)− (1− y) log(1− p). (2.50)

2.7.3 Convolutional Neural Networks

In recent time CNN gaining increasing applicability to image processing, due
to the ability of efficient image pattern recognition. Similar to ANN, CNN are
adapted for image processing tasks. By training the parameters of convolu-
tional filter masks, introduced in Section 2.4.1, CNN are designed for pattern
classification, detection and segmentation within images. Once the architecture
is set up and the filter parameters of the CNN are properly trained, predictions
are performed in an efficient manner. These aspects make CNN suitable for
analyzing large image data, such as volumetric images.
Similar to ANN, CNN are build up of convolutional filters structured by layers.
By connecting several convolutional filter layers in series, patterns are recog-
nized hierarchically. The process is schematically illustrated in Figure 2.26.
Since convolutional filters are applied, features are recognized within the ex-
amined image in a transversal invariant way [160]. This means, that features
and patterns are recognized equally all over the image, regardless of where they
are located.
Besides convolutional filter layers, additional layers with specific functions are
installed in CNN architectures. Max pooling and mean pooling layers return
the maximum and mean value within the specified filter mask, respectively.
The task of the two types of pooling layers is to extract the most significant
filter response and reducing the image data.
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"House"

Figure 2.26: Schematic illustration of the principle approach for pattern recognition based in
convolution neural networks (new-illustration, original illustration by Chollet [160]).

Dropout layers are another layer type that is frequently applied in CNN ar-
chitectures [163, 164]. During training, the dropout layer set the output value
of random neurons to zero. The proportion of omitted neurons is selected by
the dropout value, which is usually between 0.2 and 0.5. As a result, dropout
layers reduce over-fitting effects and increase the regularization of the CNN
model [160, 163–165].
Based on convolutional filter, pooling and dropout layers, many different CNN
architectures can be built. The basic structure of CNN allows them to be trained
and used for the recognition of different image patterns. For this reason, stan-
dardized architectures are used in many different applications. One of the first
CNN architectures for image classification is presented by the authors LeCun
et al. [166, 167]. In practice, CNN are usually combined with ANN to interpret
the extracted features. One of the first CNN with such architectures are pre-
sented by the authors Krizhevsky et al. [168], Simonyan and Zisserman [169]
and He et al. [170].
As shown in Figure 2.27, the VGG architecture named after the Visual Ge-
ometry Group at the University of Oxford and introduced by Simonyan and
Zisserman [169] consists of two parts. The first part is a CNN, build up of

54



2.7 Artificial Intelligence

convolutional filter and max pooling layers. Task of the CNN part is to ex-
tract features and patterns from the analyzed image. The second part is a fully
connected ANN, which evaluates the extracted features and classifies the rec-
ognized objects.

Figure 2.27: The VGG16 architecture for pattern detection and classification by Simonyan and
Zisserman [169] (illustration by Dung and Anh [171]).

A typical task of CNN models such as the VGG16 architecture in Figure 2.28
is the classification of imaged objects. Output of such CNN models are single
class labels, as shown in Figure 2.26 and Figure 2.28 (a). Furthermore, in many
applications the output should also include the location of specific objects. Ad-
ditional to classification, there are CNN for detection and segmentation tasks,
where the location of specific objects is determined. Figure 2.28 illustrates the
different outputs between classification, detection and segmentation. In case
of detection tasks, a rough object localization is indicated by using bounding
boxes, as shown in Figure 2.28 (b). CNN for segmentation tasks indicate the
location of the searched objects in the most exact way, by segmenting the ob-
jects pixel-wise and returning a binary image of the same size as the input
image for each class (see Figure 2.28 (c)).
Similar to classification, there are standardized and frequently applied CNN
architectures for object segmentation applications. The U-Net architecture pre-
sented by Ronneberger et al. [172] is based on the work of Ciresan et al. [173]
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Figure 2.28: The difference between the classification, detection and segmentation tasks of CNN.
For classification in (a) the output is a single class label. In (b) the detected object is
located by bounding boxes (red) and (c) the object is segmented pixel-wise (white
pixels).

and is a frequently used CNN architecture, which segments objects pixel-wise.
Figure 2.29 illustrates the standardized U-Net architecture. In the first half of
the U-Net architecture on the left, features of the input image are extracted
progressively. Subsequently, the second part expands the acquired information
and generates the segmented output image. The key aspect of the U-Net ar-
chitecture is that the extracted features are passed on several abstraction levels
and the avoidance of a bottleneck, which enables the precise segmentation of
even small objects.
The pixel-wise object segmentation is a binary classification for each pixel.
The results of the pixel-wise segmentation make it possible to extend the eval-
uation metrics of CNN. The segmented object is described as positive and the
background as negative. Correctly segmented pixels are described as true and
incorrect pixels as false. As a result, there are four different cases for each pre-
dicted pixel, that are summarized in Table 2.2: true positive (TP), true negative
(TN), false positive (FP) and false negative (FN).
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Figure 2.29: The U-Net architecture for object segmentation tasks by Ronneberger et al. [172].

Table 2.2: Detailed categorization of the pixel-wise object segmentation results.

Ground Truth
Predicted Results

Object Background

Object TP FN
Background FP TN

To monitor and evaluate the capability of trained ANN and CNN models, the
accuracy metric is introduced by the ration between the number of correct pre-
dictions and the total number of predictions

Accuracy =
TP + TN

TP + TN + FN + FP
. (2.51)

In addition to the accuracy for general tasks in Equation 2.51, further met-
rics to quantify the segmentation results are introduced [174, 175]. The preci-
sion value in Equation 2.52 determines the proportion of the segmented pixels,
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which are actually correct and the recall value in Equation 2.53 the proportion
of positive pixels, which are identified correctly.

Precision =
TP

TP + FP
(2.52)

Recall =
TP

TP + FN
(2.53)

Overall, the precision metric evaluates the overestimation and the recall value
the underestimation of the segmented objects. This issue is illustrated in Fig-
ure 2.30.

Ground truth (e.g. Crack)

FP> 0
Overestimation

(a) Overestimation (precision ↓).

Ground truth (e.g. Crack)

FN> 0

Underestimation

(b) Underestimation (recall ↓).

Figure 2.30: Monitoring and quantifying over- and underestimation of the segmented objects by
means of precision and recall metrics.

To fully evaluate the capability of a trained model, both the precision and recall
have to be examined. However, there is a contradiction between the precision
and recall metrics. Combining precision and recall, the F-measure in Equa-
tion 2.54 by Chinchor [176] is balanced between those two by

F-measure =
2 · Recall · Precision
Recall + Precision

. (2.54)
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2.8 Damage Segmentation

The characterization and classification of occurring damages is a key aspect
in material science through all investigated material systems. In case of fiber-
reinforced polymers under fatigue load, the initiation and propagation of cracks
usually leads to the final fracture of components. Subsequently, the character-
ization and modeling of the initiation and propagation cracks within brittle
material systems is important to predict the fatigue life [28, 177].
The authors Paris and Erdogan [178] presented a fundamental power law rela-
tionship for crack propagation based on stress intensity factors. In the contribu-
tion of Owen and Bishop [179, 180] crack growth test under cyclic tensile load
on polyester-reinforced chopped glass fiber mats were carried out. The crack
length was measured by using a clip gauge between two clamped knife edges.
In addition, the measured specimen compliance and crack length are linked
and the crack propagation power law by Paris and Erdogan [178] is applied.
There is a wide range of non-destructive testing methods for different mate-
rial systems and applications. The authors La Saponara and Elhajjar [181]
provide an overview on experimental methods to examine microscopic dam-
age in fiber-reinforced polymers. The most common non-destructive testing
methods for evaluation of cracks are ultrasonic inspection, acoustic emission,
thermography and µCT scanning [182]. In comparison to other non-destructive
characterization methods, µCT offers the opportunity to acquire detailed volu-
metric images of the investigated microstructures. The contribution of Maire
and Withers [143] provides an overview of the possible applications of µCT
from acquisition techniques, conventional threshold segmentation to DVC in
various research fields. In this doctoral thesis, microscopic damage is char-
acterized by means of µCT scanning. Subsequently, the introduced methods
focus on the characterization of cracks within digital volumetric images.
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2.8.1 Threshold Segmentation

When it comes to conventional segmentation of objects in digital images,
thresholding methods are widely used image processing techniques [183]. The
threshold values are selected either manually, automatically or by using stan-
dardized threshold methods [88, 92].
Since the microstructure of fiber-reinforced polymers is highly heterogeneous,
it is difficulty to segment features such as cracks and voids. The author Yu
et al. [72] compared different thresholding techniques and evaluated the ca-
pability to segment cracks within µCT volumetric images of composites. In
general, segmentation of features in gray-scale volume images requires suffi-
cient gray-scale contrast between the features and the surrounding background.
The author Yu et al. [72] introduced the contrast value ∆Ccrack regarding cracks
within composites by

∆Ccrack =
‖ḡcrack − ḡcomposite‖

ḡcomposite
, (2.55)

where ḡcrack is the mean gray-value of the crack and ḡcomposite of the surrounding
composite. In case of poor contrast, the mean gray-value of the crack is equal
to the surrounding composite (ḡcrack = ḡcomposite), which results in a contrast
value of ∆Ccrack = 0. The best case for segmentation is given, when the
mean gray-value of the crack is much smaller (or higher) than those of the
surrounding composite (ḡcrack � ḡcomposite). In this case the contrast value
would be close to one (∆Ccrack → 1).
The authors Wright et al. [78] investigated the damage mechanisms of unidi-
rectional carbon fiber-reinforced epoxy laminate. Ex-situ tests of notched spec-
imens are carried out in order to observe damaging at the notch tip. Through
synchrotron tomography scanning, ultra-high resolution volumetric images
with a isotropic voxel size down to 0.7 µm are acquired. By using gray-value
thresholding technique the damaged regions are segmented and manually clas-
sified.
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The authors Yu et al. [72, 75, 76, 184] carried out fatigue in-situ µCT tests on
woven glass fiber reinforced composite. The voxel size of the acquired volu-
metric images was 11.8 µm. Cracks are segmented by using gray-value thresh-
olding and are subsequently classified. In addition, contrast agent and staining
procedure were applied to detect cracks more easily. In Figure 2.31 differ-
ent types of cracks are segmented, classified and colored according to their
type. Observed damage mechanisms are resin cracking, transverse cracks,
binder/binder (B/B), weft/binder (W/B), binder/resin (B/R) and weft/resin
(W/R) interface failure. The different cracks are classified based on their ori-
entation and local neighboring microstructure.

Figure 2.31: Segmentation and classification of different type of cracks within woven glass fiber
reinforced composite (figure by Yu et al. [76]).

Besides fiber-reinforced polymers and material science, also in different re-
search domains fracture processes and damage mechanisms are examined
based on µCT scanning and threshold segmentation. For instance, the crack
propagation within various types of stone material are investigated by means
of µCT scanning and threshold segmentation in the field of geology [185, 186].

2.8.2 Digital Volume Correlation

DIC method tools for determining displacement fields on surfaces by using
single or stereo camera systems are well established. Based on the measured
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displacement field data, the strain field and other features can be derived. As
introduced in Section 2.6, DVC methods adapt the fundamental principles of
DIC to volumetric images acquired by µCT scanning.
Today, DVC methods are available in many software tools [144–148]. In gen-
eral, DVC is appropriate for µCT volumetric images where sufficient gray-
value contrast is intrinsically given by the examined microstructure. In mate-
rials science, this applies to material systems with highly heterogeneous mi-
crostructure, such as fiber-reinforced composites and homogeneous materials
with isolated particles or precipitates [143].
An important application of DVC is the characterization of cracks within mi-
crostructures. The restricted nature of solid deformations and the compatibility
of kinematic hypotheses lead to the fact that cracks result in an ambiguity and
singularity of the displacement field. The authors Wang et al. [82, 187] and
Agyei et al. [188] examined the three-dimensional strain distribution and dam-
age mechanisms within carbon fiber-reinforced polymers, foam structures and
short glass fiber-reinforced polymers by means of in-situ SRCT imaging and
full-field DVC methods. Agyei et al. [188] detected crack regions through
thresholding the DVC results.
In the contribution of Rannou et al. [189] a multi-scale crack detection method
by means of DVC is introduced. The authors carried out synchrotron in-situ
tests on nodular graphite cast iron. The average nodular graphite diameter is
50 µm and acts as natural markers for the DVC. Figure 2.32 shows in (a) the
synchrotron tomography image under maximum load, in (b) the displacement
field obtained by DVC and in (c) the determined crack surface. In addition, the
stress intensity factors at the crack tip are calculated by combining DVC and
FEM methods. Other fatigue synchrotron in-situ studies dealing with nodu-
lar graphite cast iron and DVC were carried out by Limodin et al. [151] and
Réthoré et al. [152]. In addition, an extended DVC approach combining DVC
fundamentals and finite-element elements is introduced [150]. As a result, the
displacement field close to the crack tip was measured and compared to results
of finite element method simulation.
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(a) Synchrotron tomography. (b) u-displacement by DVC. (c) Crack surface.

Figure 2.32: Synchrotron tomography in-situ testing on nodular graphite cast iron. (a) Tomo-
graphy image of the occurred crack, (b) u-displacement field vertical to the crack
surface by DVC and (c) the determined crack surface by correlation residual field
thresholding (figures by Rannou et al. [189]).

2.8.3 Convolutional Neural Networks

Due to their diverse applicability, high accuracy, and efficient use, CNN, as
presented in Section 2.7.3, are well suited for the analysis of image data. Espe-
cially for feature extraction, CNN are increasingly used alongside conventional
image processing methods, such as thresholding techniques.
The visual inspection of concrete surfaces for cracks are important to quantify
the health status of buildings, road pavements and civil structures. In recent
decades, crack detection based on computer vision techniques in combination
with autonomous image acquisition has been extensively investigated in many
areas of civil engineering. The ability of CNN to reliably detect repetitive
patterns, such as cracks, lead to an increasingly important role of CNN in this
application field.
A widely used application is the periodic monitoring and evaluation of concrete
structures. The authors Dung and Anh [171], Jiang and Zhang [190], Cha et
al. [191], Feng et al. [175] and Yang et al. [192] presented CNN methods for
the defect classification, detection and segmentation on surface of concrete
structures in civil engineering, such as buildings, dams and bridges.
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Additional to buildings, real-time crack inspection is a critical task for the pe-
riodic maintenance of concrete and asphalt road pavements. The application
of vision-based automated crack detection methods using CNN are a reliable
and time-saving way. Various vision-based CNN methods are proposed in the
contribution of Pauly et al. [193], Dung and Anh [171], Fan et al. [194] and
Zhang et al. [195, 196].
The inspection of high-security components is time-consuming and requires a
high degree of accuracy to comply with the necessary safety regulations. A
CNN based method to inspect nuclear power plant components was introduced
by the authors Chen et al. [197]. The CNN method deals with crack detec-
tion of metallic surfaces, whereby the cracks must be distinguished from weld
seams, scratches and grinding marks. The CNN task, image size, number of
training data and achieved accuracy of introduced applications are listed in
Table 2.3. Figure 2.33 shows the output of exemplary CNN for (a) crack clas-
sification, (b) detection and (c) segmentation tasks. In addition, the achieved
metrics of the crack segmentation tasks are listed in Table 2.4.
Besides crack recognition within civil structures based on optical photography,
the authors Bang et al. [198] used thermography imaging and CNN to detect
cracks within composite structures.

(a) Crack classification. (b) Crack detection. (c) Crack segmentation.

Figure 2.33: Comparing the results and output of crack classification, detection and segmentation
by using CNN for safety and inspection tasks. In (a) crack classification by Kouze-
hgar et al. [199], in (b) crack detection by Jiang and Zhang [190] and in (c) crack
segmentation by Yang et al. [192].
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Table 2.3: Summary of presented crack classification, detection and segmentation models in civil
engineering. Image size, number of training data and achieved accuracy.

Task Image size Training
data sets

Accuracy Reference

Class. 480× 240 px2 3104 89.67 % Kouzehgar et al. [199]
Class. 99× 99 px2 40000 91.30 % Pauly et al. [193]
Class. 227× 227 px2 32000 99.90 % Dung and Anh [171]
Class. 227× 227 px2 30000 99.92 % Fan et al. [194]
Det. 640× 480 px2 1030 94.48 % Jiang and Zhang [190]
Det. 256× 256 px2 32000 98.22 % Cha et al. [191]
Det. 120× 120 px2 296804 98.30 % Chen et al. [197]
Segm. 227× 227 px2 400 89.30 % Dung and Anh [171]
Segm. 256× 256 px2 1800 ≈ 90 % Zhang et al. [195]
Segm. 1024× 512 px2 2500 ≈ 90 % Zhang et al. [196]
Segm. 512× 512 px2 35100 ≈ 90 % Zou et al. [200]
Segm. 608× 608 px2 404 97.27 % Feng et al. [175]
Segm. 224× 224 px2 800 97.96 % Yang et al. [192]

Table 2.4: Additional information of the achieved performance precision, recall and F-measure
metrics of different crack segmentation models in civil engineering.

Task Precision Recall F-measure Reference

Segm. 89.30 % - 89.30 % Dung and Anh [171]
Segm. 90.13 % 87.63 % 88.86 % Zhang et al. [195]
Segm. 89.91 % 91.84 % 89.62 % Zhang et al. [196]
Segm. - - 90.95 % Zou et al. [200]
Segm. 80.45 % 80.31 % 79.16 % Feng et al. [175]
Segm. 81.73 % 78.97 % 79.95 % Yang et al. [192]
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The investigations and developed methods in this doctoral thesis focus on the
characterization of SMC. In this chapter SMC material systems in general and
the investigated SMC material system in particular are introduced. First the
manufacturing process of SMC is presented and subsequently, impact of pro-
cess parameters and especially the initial charge configuration on the SMC
microstructure are introduced. These aspects together with the description of
the SMC microstructure from different scale levels are fundamental for the
microstructure characterization methods in this work.
Furthermore, the mechanical behavior with respect to the manufacturing pro-
cess, SMC composition and applied load cases are presented. The analytical
state-of-the-art approaches in Section 2.2.4 are applied to the investigated SMC
material system in order to estimate the expected damage behavior. Overall,
these aspects are essential for the developed damage characterization methods
and the obtained insights in this doctoral thesis. These chapters represent a
transitional step from the general state-of-the-art introduction to the developed
methods and obtained results in this work.

Contents
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3.2 Microstructure and Mechanical Characteristics of SMC 74
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3.1 Manufacturing of SMC

The manufacturing process of SMC is basically subdivided in two parts: man-
ufacturing of the semi-finished SMC and subsequently, the compression mold-
ing process. Important parameters to adjust the SMC manufacturing process
are the charge configuration and the SMC composition. Those aspects and the
manufacturing process itself are introduced in this section.

3.1.1 Semi-finished SMC

SMC material systems combine good specific mechanical properties, low costs
and fast manufacturing cycle times [201]. In the automotive industry a low pro-
cess time is mandatory due to the high production rhythm. SMC material sys-
tems meet both, lightweight and mass production criteria, which makes SMC
components highly relevant for automotive applications [7].
Figure 3.1 shows schematically the semi-finished SMC manufacturing process.
First, continuous fiber rovings are chopped into fiber bundles with a specific
length of typically 25.4 mm (1 inch). The chopped fiber bundles drop ran-
domly oriented onto a resin coated carrier foil and are then covered by another
resin coated carrier foil. By going through the impregnation zone, the fiber
bundles are infiltrated by the resin. Afterwards, the semi-finished SMC rolls
are stored for maturation. During the maturation process the resin viscosity
increases by three to four orders [201].

3.1.2 Compression Molding

In order to produce the finished SMC components, the matured SMC is cut
and weight out into specified charge patches. The cold SMC charges are then
placed into a preheated mold form, as shown in Figure 3.2. By using compres-
sion molding technology, the SMC are formed into the final geometry followed
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Lower carrier foil

Resin

Chopped
fibers

Fiber rovings

Upper carrier foil
Resin

Impregnation

Semi-finished SMC

Figure 3.1: Manufacturing process of semi-finished SMC.

by curing of the resin matrix at approximately 150 ◦C and 2500 kN. The SMC
components in this doctoral thesis are manufactured at Fraunhofer Institute for
Chemical Technology (ICT) in Pfinztal, Germany by using a press of Dieffen-
bacher GmbH (Eppingen, Germany) under the leadership of Sergej Ilinzeer.

SMC charge

(a) Initial charge positioning (b) Mold flow (c) Resin curing

Figure 3.2: The SMC compression molding process of generic geometries. In (a) placing the
semi-finished SMC initial charge, (b) compression molding and (c) finally, curing of
the resin.

3.1.3 SMC Components

In this doctoral thesis a SMC material system is analyzed, which consists of an
unsaturated polyester polyurethane hybrid (UPPH) resin reinforced by glass
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fibers. As stated in Section 3.1.2, the investigated SMC material was man-
ufactured entirely at the Fraunhofer ICT in Pfinztal, Germany. Detailed in-
formations of the SMC composition are listed in Table 3.1. The SMC com-
position was developed at the Fraunhofer ICT under the leadership of David
Bücheler [202].

Table 3.1: Components of the examined glass fiber-reinforced UPPH SMC.

Component Trade name Supplier Content

UPPH resin Daron ZW 14141 Aliancys 100 parts
Release agent,
Flowaid

BYK 9085 BYK 2 parts

Deaeration aid BYK A-530 BYK 0.5 parts
Inhibitor pBQ Fraunhofer ICT 0.3 parts
Peroxide Trignox 117 Akzonobel 1 parts
Thickener,
Isocyanate Lupranat M20R BASF 24.2 parts

Glass-fiber Multistar 272 4800 80 Johns Manville 41 wt.%

3.1.4 SMC Charge Configuration

One important parameter to adjust the SMC component during the manufac-
turing process is the charge configuration. The initial position and coverage of
the SMC charge affect the mold flow behavior during the compression mold-
ing process. For instance, a small charge coverage results in a long flow path
during compression molding which leads to a highly oriented fiber distribution
due to the orientation of the fibers during the mold flow. In contrast, large or
full charge coverage result in a more planar isotropic fiber distribution. This
phenomena and different charge coverages are schematically illustrated in Fig-
ure 3.3.
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Flow path

(a) 33 % Charge coverage.

Flow path
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No flow path

(c) 100 % Charge coverage.

Figure 3.3: Different initial charge configurations and flow paths. In (a) long flow path, (b)
medium flow path and (c) no significant flow path due to full charge coverage

The author Motaghi and Hrymak [203] analyzed the effect of 30 % and 62 %

SMC charge coverage on the microstructure during compression molding. It
was figured out that in case of 62 % charge coverage there is no significant
change of the fiber orientation between the initial charge and final component
due to the relatively short flow path. In contrast, there is a significantly higher
alignment of the fiber bundles along the mold filling direction (MFD) in case
of the 30 % charge coverage.
In the contribution by Jackson et al. [103] SMC mold filling experiments are
carried out, where the initial charges cover between 33 % and 100 % of the
final area. The authors Chen and Tucker [204] studied the effect of fiber vol-
ume content, charge coverage and fiber orientation of glass fiber-reinforced
thermoset polyester SMC on the mechanical properties. The influence of the
charge coverage on the fiber orientation of the molded plates is determined
by using radiography. The fiber volume fraction of maximum and minimum
fiber orientation listed in Table 3.2 represent the peak and low points of the
respective fiber orientation distribution, as illustrated in Figure 3.4. As a con-
sequence, high fiber volume fraction values of the maximum fiber orientation
indicate a high anisotropic fiber distribution. Both, the results of Chen and
Tucker [204] in Table 3.2 for 33 % initial charge coverage and those of Gandhi
et al. [205] in Figure 3.4 reveal a corresponding fiber volume fraction of about
21 vol.% for the maximum fiber orientation.
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Table 3.2: Effect of the charge coverage on the fiber orientation distribution of glass fiber-
reinforced polyester SMC. The data are manually extracted from the contribution of
Chen and Tucker [204].

Charge Fiber volume fraction of the Fiber volume fraction of the
coverage maximum fiber orientation minimum fiber orientation

100 % 8 vol.% 2 vol.%

67 % 12 vol.% 2 vol.%

50 % 19 vol.% 2 vol.%

33 % 21 vol.% 1 vol.%

Figure 3.4: The fiber orientation distribution histogram of SMC plate with an initial mold cover-
age of 33 %. Fiber volume fraction of the most dominate fiber orientation is approxi-
mately 21 vol.% (figure by Gandhi et al. [205]).

Overall, the measured fiber orientation histograms in the contributions of Jack-
son et al. [103] and Chen and Tucker [204] both show an increasing level of
fiber alignment along the MFD as a result of decreasing the charge coverage.
Those results reveal that the initial charge coverage has a major impact on
the SMC microstructure and the fiber orientation in particular. These insights
are important for adjusting, characterization and comprehending the examined
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SMC microstructure in this doctoral thesis. By adjusting the initial charge
coverage different fiber orientation states are generated, which are then char-
acterized in terms of the microstructure and damage behavior.

3.1.5 Weld Line Formation

In practice, as a result of the charge configuration or the component geom-
etry two or more mold flow fronts can meet during the mold filling process.
Subsequently, weld lines occur as a consequence of these clashing mold flow
fronts. In general, the microstructure and mechanical properties of weld lines
are a weak point and it is common to try to avoid them or to position them in a
suitable location. Although attempts are made to avoid weld lines, they cannot
always be avoided in practice. In particular, for the manufacturing of complex
geometries where melt flow separation occurs. Figure 3.5 illustrates schemati-
cally how weld lines take place in a common geometry, as a result of the initial
charge placement. In this doctoral thesis, microstructure in and around a weld
line is analyzed in order to examine the locally changing microstructure. The
examined SMC component with a weld line was manufactured by Lucas Bretz
at the Institute of Production Science (wbk), Karlsruhe Institute of Technology
(KIT).

Initial charge

(a) Initial charge positioning

Flow fronts

(b) Mold flow (c) Resin curing

Weld line

Figure 3.5: The SMC compression molding process. In (a) placing two semi-finished SMC initial
charges, (b) compression molding and (c) weld line formation.
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3.2 Microstructure and Mechanical
Characteristics of SMC

There is a strong relationship between the manufacturing process, microstruc-
ture and mechanical properties for fiber-reinforced polymers and SMC in par-
ticular. In this section the characteristics of SMC microstructures are intro-
duced from several scale perspectives. Furthermore, the damage behavior of
SMC with respect to the microstructure and load case is presented. Finally, nu-
merical prediction models for SMC material systems to predict the mechanical
and damage behavior are introduced.

3.2.1 Microstructure

The SMC microstructure is distinguished from that of other fiber-reinforced
composites. Figure 3.6 illustrates and compares the principle microstructures
of unidirectional laminates, SMC material and injection molded short fiber-
reinforced polymers. A characteristic aspect of the SMC microstructure is the
fact that the copped fiber rovings are still intact within the final component.
Figure 3.7 shows representative µCT cross sections of typical SMC microstruc-
tures and the characteristic fiber bundle architecture.

(a) Unidirectional laminate
(continuous fibers).

(b) SMC
(fiber bundles).

Mold flow

(c) Injection molding
(short fibers).

Figure 3.6: Principle microstructure of unidirectional laminates, SMC with random oriented
chopped fiber bundles and short-fiber reinforced polymer injection molding.
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(a) Voxel size 5.5 µm (b) Voxel size 9.1 µm (c) Voxel size 26.2 µm

Figure 3.7: The SMC characteristic fiber bundle arrangement on the microstructural level. Fiber
bundles in white and the surrounding matrix in black. µCT cross section acquired at
different scale levels.

The SMC microstructure is taken into account on different scale levels from
micro to macro by characterization methods and numerical simulation mod-
els. According to the considered scale level different aspects of the SMC mi-
crostructure are characterized or modeled. In this work the SMC microstruc-
ture is classified by using micro-, meso- and macroscopic scale perspectives,
as shown in Figure 3.8. On the microscopic level the fiber architecture of SMC
is characterized by individual filaments, on the mesoscopic level by fiber bun-
dles and on the macro scale the SMC material is considered as a composite
structure.
In case of image based experimental microstructure studies, there is usually a
conflict between the image resolution and the size of the examined microstruc-
ture. In Section 2.3 this conflict for the investigation by means of cone-beam
µCT scanning is presented. The classification scheme in Figure 3.8 clarifies on
which scale level which characterization method can be used with respect to
µCT scanning. In this doctoral thesis, SMC microstructures are examined from
a meso- and macro-scale perspective.
When characterizing microstructures, it is important to be able to estimate
which microstructure volume is representative for the studied material system.
The authors Sabiston et al. [206] analyzed the SMC microstructure with respect
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Figure 3.8: Classifying the SMC microstructure by different scale levels. Illustrating the conflict
between voxel size and scanned volume with respect to laboratory µCT scanning
based on three exemplary SMC specimens. Using different characterization methods
on respective scale levels. Referenced glass fiber diameter of 13.5 µm.

to the second-order fiber orientation tensor. The objective of the study was to
analyze the fiber orientation distribution and identify a minimum control vol-
ume size for which the second-order fiber orientation tensor is representative.
In case of the studied SMC plates, the authors found out that the fiber orien-
tation tensor becomes approximately constant for a cubic control volume with
an edge length of about 5 mm. Based on this result, representative volume
elements and control volumes are selected in this work.

3.2.2 Mechanical Properties

The effect of several aspects, such as the fiber volume content and charge cov-
erage on the mechanical properties are presented in this section. Figure 3.9
illustrates typical tensile load-elongation curves of SMC with respect to dif-
ferent fiber weight contents of 30 wt.%, 50 wt.% and 65 wt.%. Initially, SMC
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3.2 Microstructure and Mechanical Characteristics of SMC

materials show a linear-elastic behavior. The subsequent onset of non-linearity
indicates damage initiation [207]. The transition between those two stages
of the stress-strain curve is characteristic for SMC and is called knee or yield
point. Figure 3.9 shows that with increasing fiber weight content the knee point
is less pronounced.

Figure 3.9: Illustrating the effect of the fiber content on the mechanical behavior. Typical stress-
strain curves of SMC with different fiber volume content between 30 wt.% and
65 wt.% (figure by Chaturvedi et al. [208]).

As introduced in Section 3.1.4 there is an impact of the SMC charge coverage
on the fiber orientation distribution. Consequently, also the mechanical prop-
erties are affected by the charge coverage. Figure 3.10 shows the stress-strain
curves of SMC with different charge coverages between 33 % and 100 %. The
study reveals that with decreasing charge coverage the mechanical properties
including Young’s modulus and tensile strength increase along the MFD and
decrease perpendicular to it. Overall, an anisotropy of the fiber orientation dis-
tribution caused by small charge coverage also leads to anisotropic mechanical
properties.
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Figure 3.10: Typical stress-strain curves of SMC regarding the charge coverage between 33 %

and 100 %, along and perpendicular to the MFD. The stress-strain curves illustrate
the increasing anisotropic mechanical behavior as a result of decreasing charge
coverage. Fiber weight content of the examined SMC is 65 wt.% (figure by Gandhi
et al. [205]).

The mechanical properties of the investigated matrix, fibers and SMC material
system were comprehensively characterized in previous contributions. In Ta-
ble 3.3 and Table 3.4 the mechanical properties of the UPPH matrix and glass
fiber are listed, respectively. The corresponding referenced measurements in
Table 3.3 on the UPPH matrix were conducted by Miriam Bartkowiak at the
Institute for Applied Materials (IAM-WK). The effective mechanical proper-
ties of the investigated SMC material system in this doctoral thesis are given in
Table 3.5.

78



3.2 Microstructure and Mechanical Characteristics of SMC

Table 3.3: Mechanical properties of the UPPH matrix. Tensile strength and failure strain of the
UPPH matrix were characterized by Miriam Bartkowiak at the IAM-WK.

Property Unit Quantity Reference

Young’s modulus GPa 3.45 Trauth [209]
Tensile strength MPa 46 Bartkowiak
Failure strain % 1.4 Bartkowiak
Mass density g/cm3 1.15 Schwab [210]

Table 3.4: Mechanical properties of the glass fibers.

Property Unit Quantity Reference

Young’s modulus GPa 82.6 Hüther et al. [211]
Tensile strength GPa 2.0 Hull and Clyne [48]
Failure strain % 2.6 Hull and Clyne [48]
Fiber diameter µm 13.5 Görthofer et al. [9]∗

Fiber length mm 25.4 Görthofer et al. [9]∗

Mass density g/cm3 2.60 Meyer et al. [118]∗

Table 3.5: Mechanical properties of the UPPH glass fiber reinforced SMC.

Property Unit Quantity Reference

Young’s modulus GPa 9.3−13.2 Trauth [209]
Tensile strength MPa 84− 183 Trauth [209]
Failure strain % 1.2− 1.7 Trauth [209]
Fiber mass content wt.% 41 Trauth [209]
Fibers per bundle − 200 MultiStar 272 [212]
Mass density g/cm3 1.90 Görthofer et al. [9]∗

Interface strength MPa 60− 70 Rohrmüller et al. [213, 214]
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3.2.3 Damage Mechanisms

The composition and microstructure significantly affect the damage and failure
behavior of composites. In fiber-reinforced composites, the mechanical prop-
erties of fiber and matrix, as well as the interaction and fiber-matrix interface
are essential aspects.
In case of glass fiber-reinforced thermoset composites the elongation at break
of the matrix is typically less than that of the fibers, which is also the case
for the examined SMC material system in this doctoral thesis, as shown in
Table 3.3 and Table 3.4. The proportion of strength and elongation at break-
age between matrix and fiber of the examined SMC material is illustrated in
Figure 3.11 (a).
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Figure 3.11: Effective composite strength σ̄max, the effect of the fiber volume content φF and
the critical fiber volume content φcrit of the examined SMC material according to
von Bernstorff and Ehrenstein [215]. The curves are generated based on the data in
Table 3.4 and Table 3.3.

As introduced in Section 2.2.4, the microstructure and fiber volume content
in particular affect the damage behavior of SMC. The authors von Bernstorff
and Ehrenstein [215] adapted the model by Cooper [47] to SMC material and
studied how the combination of mechanical properties leads to the formation
of multiple matrix cracks instead of a single one. Figure 3.11 (b) illustrates
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the effective composite strength as a function of the fiber volume content φF
based on the model by Cooper [47]. According to the study by von Bernstorff
and Ehrenstein [215], in case the fiber volume content φF exceeds the critical
fiber volume content φcrit a transition from single to multiple matrix cracking
occurs. As a consequence, the fiber volume content determines whether sin-
gle or multiple cracking tends to occur in composite materials. Figure 3.12
shows the principle stress-strain curve of those two fracture cases. According
to Cooper [47] and illustrated in Figure 2.7, the stress-strain curve of multiple
cracking is characterized by a yield point.
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Figure 3.12: Schematic stress-strain curves of fiber-reinforced composites where (a) single crack
formation and (b) multiple matrix cracking occurs with respect to the fiber volume
content φF [47, 207, 215].

Based on the material properties in Table 3.3 and Table 3.4, the fiber volume
content φSMC of the investigated SMC material system is above the critical
one, as shown in Figure 3.11 (b). In general, the fiber volume content of SMC
material systems is well above the critical fiber volume content, as indicated
by the characteristic yield or knee point for SMC in Figure 3.9 [207, 208].
Due to the brittle matrix material and glass fibers, the assumptions and model
of Cooper [47] can be used to predict the effective strength and damage behav-
ior of SMC, as discussed by von Bernstorff and Ehrenstein [215]. However,
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the fiber architecture and orientation of SMC in particular are not taken into
account here. Cooper [47] generally assumes a unidirectional orientation of
fibers in tensile load direction, which is only in limited agreement with the
SMC microstructure.
As introduced in Section 2.2.3, the authors Reifsnider et al. [38] character-
ized the fatigue life of fiber-reinforced composite laminates and revealed three
different stages of damaging. As demonstrated by von Bernstorff and Ehren-
stein [215], the fatigue and damage process of fiber-reinforced composite lam-
inates investigated by Reifsnider et al. [38] occurs in a similar way in SMC. In
addition, the authors showed that there is a maximum crack density for fiber-
reinforced composites, which is typical for the material system, but indepen-
dent of the load history [38, 215]. In particular, it is regardless of whether
quasi-static or fatigue load is applied. Motivated by the direct correlation be-
tween crack density and stiffness [215], the authors Reifsnider et al. [38] intro-
duced a stiffness based fatigue failure criterion.
The complexity of (discontinuous) fiber-reinforced composite microstructures
leads to the presence of different damage mechanisms [25]. A characteristic
aspect of the SMC microstructure is the fiber bundle arrangement, as shown
in Figure 3.7. As a consequence of this fiber bundle structure, additional and
modified failure modes can occur in SMC. In Figure 3.13 (a) matrix cracking
and (c) fiber bundle fracture in the context of SMC are illustrated. An addi-
tional failure mode of SMC is the pseudo-delamination, as illustrated in Fig-
ure 3.13 (b). This failure mode causes internal propagation of matrix cracks
and matrix-fiber interface failure along the fiber bundles. Pseudo-delamination
of fiber bundle is commonly compared to delamination of unidirectional fiber-
reinforced laminates [216]. Figure 3.14 shows µCT image cross sections,
where in (a) matrix cracking, (b) pseudo-delamination and (c) fiber bundle frac-
ture is observed. In Figure 3.15 the crack formations and damage mechanisms
in SMC are illustrated three-dimensionally. Similar to short fiber-reinforced
composites, in practice SMC failure modes usually do not occur separately but
rather mixed.

82



3.2 Microstructure and Mechanical Characteristics of SMC

σ

σ

(a) Matrix cracking

σ

σ

(b) Pseudo-delamination

Matrix

Fiber
bundle

σ

σ

(c) Fiber bundle fracture

Figure 3.13: Typical failure modes of SMC. In (a) cracking of the matrix, (b) crack propagation
along the fiber bundle and (c) fiber bundle breakage under tensile stress.

(a) Matrix cracking (b) Pseudo-delamination (c) Fiber bundle fracture

Figure 3.14: µCT image cross sections of typical SMC failure modes. In (a) Cracking of the
matrix, (b) crack propagation along the fiber bundle and (c) fiber bundle breakage
under tensile stress (voxel size of 6.8 µm).

The damage mechanisms of SMC under fatigue load were examined by the
authors Wang et al. [217–220]. The experimental results reveal that the damage
mechanisms occurred predominantly in various forms of microscopic cracks,
such as cracks within the matrix, debonding at the fiber-matrix interface, and
cracks at the fiber end. In addition, the authors found out that fiber bundle
breakage, which frequently occurs in continuous fiber composites [180, 221],
was only slightly observed in fatigue failure of SMC material here.
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d)

c)

b)

a)

Fracture plane

Fiber bundle

Figure 3.15: 3D illustration of the characteristic failure modes of SMC. At a) fiber bundle frac-
ture perpendicular to the bundle orientation, b) horizontal intra-bundle pseudo-
delamination, c) inter-bundle fracture of the matrix and d) vertical intra-bundle
pseudo-delamination.

Meraghni et al. [222, 223] classified the damage mechanisms by two dominant
types: matrix damage and interface damage. The first type A describes the
failure of the matrix and includes matrix cracking and pseudo-delamination.
Damage type B regrades the interfacial failure and mostly refers to fiber pull-
out. In addition to Wang et al. [217], pseudo-delamination is introduced as
another damage mechanism. The fracture or breakage of fiber bundles is not
considered by the authors damage classification scheme, since this mechanism
only appears during the final stage of the damage process [222, 223]. The SMC
classification scheme by Meraghni et al. [222, 223] is discussed and confirmed
by several authors and the basis of various modeling approaches [21, 207, 224,
225].
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Although different failure mechanisms occur under quasi-static and alternating
stresses, according to von Bernstorff and Ehrenstein [215] the formation of
multiple cracks is responsible for fatigue. The results of Meraghni et al. [222,
223] show that the content and geometry of those (micro-) cracks affect the
macroscopic stiffness, but the effective composite stiffness is more sensitive
to the crack content than to the geometry. In general, the formation of cracks
is directionally dependent. Consequently, the mechanical properties of SMC
becomes more anisotropic as the damage process progresses and furthermore,
this effect is enhanced when the SMC material is already anisotropic in the
beginning.
The authors Shirinbayan et al. [226–229] characterized the mechanical behav-
ior of SMC considering isotropic and anisotropic microstructures. As part of
the research, the damage mechanisms of SMC with randomly and highly ori-
ented fibers in and perpendicular to the load direction are examined. The results
show that in case of SMC microstructures with highly oriented fiber in load di-
rection (HO-0◦) fiber breakage and pseudo-delamination are the predominate
damage mechanisms [226]. In contrast, the fiber-matrix interface debonding
predominantly promotes damaging, when the fibers are highly oriented per-
pendicularly to the load direction (HO-90◦). Here, high normal stresses occur
on the fibers oriented 90◦ to the load direction, which results in the formation
and propagation of cracks perpendicular to the tensile direction. According
to results of Shirinbayan et al. [226], damage in SMC with randomly oriented
fibers (RO) is initiated at the interface of fibers, which are oriented perpen-
dicular to the load direction. Subsequently, damage and in particular cracks
propagate further along similar oriented fiber interfaces.
The contribution and experimental investigation of Shirinbayan et al. [228]
establish that the fatigue life is strongly affected by the microstructure and
especially the fiber orientation distribution. However, for SMC with highly
transverse oriented fibers (HO-90◦) the fatigue life is not significantly affected
compared to that of SMC with randomly oriented fibers (RO), since the matrix
material is relevant here.
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Although thermoset matrix and glass fibers tend to brittle failure behavior SMC
composites reveal visco-damage effects [48]. As examined by Shirinbayan et
al. [226–228] and Jendli et al. [230] the viscous nature of SMC damage refers
mostly to fiber-matrix interface damaging. This phenomenon is either least or
most significant for fibers oriented transversely or longitudinally to the tensile
load direction, respectively, since the interfaces here are mostly subjected to
normal or shear stress. Consequently, this leads to an anisotropic visco-damage
aspect of the fiber-matrix interface.
The damage mechanisms of different SMC configurations have been studied
and modeled by several authors. Depending on the load case and the SMC
composition, different damage mechanisms were found out to be predominant.
The listing in Table 3.6 establishes that most authors examined that matrix
cracking is the predominant failure mechanism under cyclic fatigue loading.
Moreover, there is a trend to fiber related failure modes with higher fiber con-
tent. In contrast, the reference results reveal that SMC fails under quasi-static
load due to interfacial and debonding failure precedes matrix cracking. Es-
pecially, in case of SMC with higher fiber content. Overall, apart of the ap-
plied load case the fiber content clearly corresponds with the dominant dam-
age mechanisms. Although it has to be considered that some of the examined
SMC material systems in Table 3.6 are filled with hollow glass spheres [229],
calcium carbonate (CaCO3) and other filler material, the results provide a com-
prehensive overview on damage mechanisms in SMC.
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Table 3.6: Summary of the predominant damage mechanisms in SMC considering the load case
and fiber content, which have been studied by several authors. The examined SMC
composites consist of diverse matrix systems, which are reinforced by chopped glass
fiber bundles. Matrix Cracking = MC, Pseudo-Delamination = PD, Fiber Pull-Out =
PO and Fiber Breakage = FB. Damage mechanisms indicated by parentheses (×) are
not explicitly identified by the authors as predominant mechanisms but are relevant
nonetheless.

Damage mechanisms
Fiber content Load case MC PD PO FB Reference

25 wt.% Quasi-static × [231]
26 wt.% Quasi-static × × [207]
14− 31 vol.% Quasi-static (×) × [216]
23− 50 vol.% Quasi-static × (×) × [21]
50 vol.% Quasi-static × × (×) [222]
50 vol.% Quasi-static × × (×) [223]
30 wt.% Quasi-static (×) × × [229]
50 wt.% Quasi-static × × × [227]
50 wt.% High strain rate (×) × × × [226]
50 wt.% Quasi-static × × [231]
50− 65 wt.% Quasi-static × × [221]
30− 65 wt.% Quasi-static × [208]
25 wt.% Fatigue × [231]
30 wt.% Fatigue × [215]
30 wt.% Fatigue × × [232]
42 wt.% Fatigue (×) × [224]
50 wt.% Fatigue × × × [231]
50 wt.% Fatigue × × × [217]
50 wt.% Fatigue × × × [219]
50 wt.% Fatigue × × × [228]
25− 65 wt.% Fatigue × × [221]
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3.2.4 Material Modeling

Since the heterogeneous microstructure of fiber-reinforced polymers leads to
the appearance of complex deformation behavior and several damage mech-
anisms, elaborate mathematical models are necessary for reliable predictions.
The authors Kabelka et al. [216] introduced an overview of different models to
predict the elastic properties, damaging process and failure criteria. One fun-
damental assumption made for the prediction of SMC is the approximation to
consider and model each fiber bundle as unidirectional laminate layer [216].
This assumption enables to adapt prediction models for unidirectional fiber-
reinforced polymer laminates to SMC. The authors Chen and Tucker [204]
presented a model for predicting the mechanical properties of discontinuous
fiber reinforced polymers including SMC by adapting the laminate analogy.
Since there are different damage mechanisms for unidirectional laminates and
discontinuous fiber reinforced composites, a suitable damage function is ap-
plied.
In addition to quasi-static load, the fatigue behavior of SMC is characterized
comprehensively by the author Wang et al. [218, 219]. Furthermore, a power-
law based multi-scale homogenization model for fatigue damage growth in
SMC under cyclic load is established. Here, the three-dimensional elliptical
crack theory for anisotropic material behavior considering probabilistically dis-
tributed microcracks is an essential aspect [220].
Focusing on the elastic deformation of SMC, the author Sabiston et al. [233] in-
troduced a two-step Mori Tanaka homogenization scheme to predict the elastic
deformation considering misaligned fiber composites. Furthermore, the neces-
sary number of fiber orientation data from µCT scanning required for a reliable
prediction is evaluated.
Mori-Tanaka schemes and various interface failure criterion for the dam-
age prediction of SMC are established by the authors von Bernstorff and
Ehrenstein [215], Fitoussi et al. [234], Meraghni and Benzeggagh [222] and
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Ben Cheikh Larbi et al. [224]. Here, the (predominate) damage mechanisms
are considered individually by the homogenization scheme.
The SMC material and the mechanical properties are modeled by the projects
of the IRTG across several scale levels. On the mesoscopic level mean- and
full-field approaches are used by Kehrer et al. [23, 24, 235, 236] to predict
the thermoelastic and thermal expansion. Furthermore, Görthofer et al. [237]
discretized the SMC microstructure based on homogenized fiber bundles and
matrix material and modeled the elastic mechanical properties by using Fourier
transform methods. The SMC microstructures are obtained by improving the
multi-scale stochastic fiber bundle microstructure model of the authors Chen
et al. [238]. On the macroscopic scale, the authors Schemmann et al. [21, 22,
239] introduced a Mori-Tanaka homogenization scheme and damage predic-
tion model for SMC. Instead of concerning individual fiber bundles, on the
macro scale the SMC microstructure is taken into account by fiber orientation
tensors obtained from µCT scans [107],[131]∗.
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4 Methods

This chapter represents a key element of this doctoral thesis. Based on state-
of-the-art methods and considering the investigated SMC material system, in
this chapter image processing methods are introduced to characterize and an-
alyze both, the microstructure and the damage state of SMC specimens by
means of µCT scanning. First, the microstructure characterization methods are
introduced. Subsequently, image processing methods to segment cracks and
characterize the damage state are presented. The introduced methods in this
chapter were developed by the author of this doctoral thesis and mostly refer
to the contributions [131, 240–243]∗.
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4 Methods

4.1 Microstructure Characterization

The microstructure of fiber-reinforced polymers fundamentally affects the me-
chanical properties and further, the nature of damage to the material. µCT
scanning and image processing are powerful tools to analyze microstructures
in terms of homogeneity [244]∗, fiber orientation [131]∗ and fiber bundle struc-
ture [240, 242]∗. To study the relationship between microstructure and damage
behavior, the microstructures of the examined SMC specimens by means of in-
situ µCT are characterized regarding the fiber architecture. The developed and
applied microstructure characterization methods are introduced in this section.

4.1.1 Fiber Orientation

In this work the orientation of fibers within volumetric images are determined
based on the structure tensors established by Krause et al. [108] and the imple-
mented image processing method of Pinter et al. [90, 107]. For visualization
of fiber orientations, the planar part of fiber orientation vector is expressed by
means of the angle φ. As shown in Figure 4.1, the angle φ is visualized by
adapting the HSV color space with respect to the fiber orientation symmetry
(n =̂− n).

φ

270◦

0◦

90◦

180◦

Figure 4.1: Illustration of the planar fiber orientation n with respect to the symmetry (n =̂− n).

An essential part of the IRTG is the collaboration across different research ar-
eas and the establishment of a virtual process chain [9, 10, 245]∗. To enable a
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virtual process chain for fiber-reinforced polymers, microstructure data must be
exchanged between characterization methods and numerical simulation mod-
els. Regarding the IRTG virtual process chain, fiber orientation data from the
voxel-level of volumetric images are mapped to structured meshes for the use
in finite element simulations. From a scale perspective, microstructure data are
transferred here from the µm-scale level of the µCT scan to the mm-scale level
of the finite element meshes.
Fundamental approach of the mapping procedure is to describe the local fiber
architecture around an analyzed point of the structured mesh and to overcome
the difference in scale through cumulating the fiber orientation data by apply-
ing the second-order fiber orientation tensor N . Introducing the cylindrical
reference volumes B around the analyzed points with the radius R and the
center axis aligned along the thickness direction ez′ . Due to the cylindrical
shape, the microstructure is equally considered in all spatial directions around
the central axis. The thickness normal vector can be predefined in case of pla-
nar samples or obtained either by the structured mesh or the fiber orientation
data. The alignment of the reference volumes B are illustrated schematically
in Figure 4.2 (a). Only fiber orientation data within the reference volume B are
taken into account for mapping of the respective analyzed point. In addition, a
weighting factor ci is introduced in Equation 4.1 to assign different weights to
fiber orientation data ni at different distances r from the center axis ez′ . The
distribution of the Gaussian weighing function c(r) is given in Equation 4.2
and illustrated in Figure 4.2 (b).

N =
1∑N
i=1 ci

N∑
i=1

cini ⊗ ni. (4.1)

ci =
1√

2πσ2
exp

(
− r2i

2σ2

)
, ri ∈ [−R, . . . , R] (4.2)
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Figure 4.2: In (a) the alignment of the cylindrical reference volumes B and (b) the shape of the
weighting function c(r) (Gaussian function, σ = 1/3R) (re-illustration, original
figures by Schöttl et al. [131]∗).

When dealing with interdisciplinary virtual process chains, the fiber orienta-
tion data obtained by characterization methods have to be processed and trans-
ferred to numerical simulation models. By combining structured meshes, µCT
fiber orientation data and applying the presented mapping methods, the lo-
cal fiber orientation distribution at defined mesh points (e.g. mesh nodes or
Gaussian points) are mapped and can be taken into account for numerical sim-
ulations [9, 10]∗. As a result, microscopic data obtained from µCT data are
evaluated and brought to the macro scale. Decisive is the selection of the cylin-
drical reference volume B by the radius R to include a locally representative
microstructure for the evaluation. The radius R should be therefore selected
based on the investigated material system and microstructure. According to
the investigation by the authors Sabiston et al. [206] the size of the represen-
tative microstructure volume elements for SMC are selected to 5 mm and the
radius R to 2.5 mm, respectively.
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4.1 Microstructure Characterization

4.1.2 Fiber Bundle Tracking

As introduced in Section 3.2.1, besides the fiber orientation on the macro scale,
the microstructure of SMC can also be characterized on the meso scale by
means of fiber bundle tracking. A characteristic aspect of the SMC microstruc-
ture is that the chopped fiber bundles within the semi-finished SMC do not split
up entirely into individual fibers during the compression molding and are still
arranged as bundles within final parts. The µCT cross section view of a typi-
cal SMC microstructure in Figure 4.3 (a) shows the characteristic fiber bundle
arrangement. The presented characterization approach utilizes the fiber bun-
dle structure for analyzing the SMC microstructure and tracks the SMC fiber
bundles within volumetric images. In this section, the fiber bundle tracking and
clustering methods published by the authors Schöttl et al. [242]∗ are introduced
in detail.
For analyzing the SMC microstructure, the fiber bundles are classified on two
different scale levels. Mesoscopic fiber bundles R emerge from the chopped
fiber rovings of the manufacturing process and consist of a large number of
individual fibers. Fibers within mesoscopic bundles run parallel and are lo-
cated close together. Exemplary mesoscopic bundles are highlighted in Fig-
ure 4.3 (b). Mesoscopic bundles are inhomogeneous and sub-bundles are re-
vealed in Figure 4.3 (a). The substructure of mesoscopic bundles is classified
by microscopic bundle S. Figure 4.3 (c) highlights exemplary microscopic
bundles. In summary, mesoscopic bundles correspond to the chopped fiber
bundles, which consist of several microscopic bundles.
As published in the contribution [242]∗ a bottom-up approach is applied, in
which first microscopic bundles are tracked iteratively by a probabilistic in-
tegration method. Subsequently, based on the tracking results a hierarchical
agglomerative clustering strategy finally identifies the mesoscopic bundles.
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(a) SMC microstructure (c) Microscopic bundles S(b) Mesoscopic bundleR

Figure 4.3: µCT cross section of a typical SMC sample. Classification of the SMC microstructure
by mesoscopic and microscopic bundles. In (a) an exemplary SMC microstructure,
(b) the mesoscopic bundles and (c) the microscopic bundles are marked, respectively.
Voxel size is 9.1 µm and glass-fiber diameter 13.5 µm (re-illustration, original figures
by Schöttl et al. [242]∗).

Probabilistic tracking method

Based on the experimental fiber orientation data n(x, y, z), trajectories are de-
termined iteratively by moving along the step-wise highest probabilistic path.
Starting at voxel xi, first several potential next iteration step voxels x̃j are
identified by lower radius R1, upper radius R2 and aperture angle θ. The po-
tential next iteration step voxels are marked by red circles in Figure 4.4 (a).
The paths between xi and the potential next iteration step voxels x̃j are taken
into account by second-order polynomial space curves

sj(t) = s0 + s1t+ s2t
2, t = 0 . . . 1, (4.3)

defined by the conditions sj(0) = xi, sj(1) = x̃j and s′j(0) = ni. The tan-
gent of the curves sj(t) at x̃j is given by s′j(1). Based on that, τj is introduced
as the angle between the curve tangent s′j(1) (blue) and the local fiber orienta-
tion data ñj (red) of the potential next voxel x̃j , as shown in Figure 4.4 (b).

τj = ](ñj , s
′
j(1)) (4.4)
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4.1 Microstructure Characterization

Small τ indicate a high accordance between the curve s(t) and the experimen-
tal fiber orientation data n. Consequently, the voxel x̃j with the smallest τj
represents the highest probability between the integration step and the fiber
orientation data n. As illustrated in Figure 4.4 (c), this voxel with the smallest
τj value then becomes the next iteration step voxel xi+1. By iterating along
the step-wise highest probability, a high global probability of the resulting tra-
jectory is also obtained.
Introducing S as the determined trajectory of a tracked microscopic bundle,
which contains all iteration step voxels xi and corresponding orientation vec-
tors ni. In order to analyze the whole microstructure, a sufficient large number
of trajectories S starting at different points x0 are tracked. Usually, the num-
ber of trajectories is between 6000 and 16000, details will be given later in this
chapter.

xi and ni

θ θ

R2
R1

x̃1 x̃2

x̃3 x̃...

(a) Select candidates x̃j

xi and ni

τ1

s′1(1) ñ1

τ2

τ...τ3

(b) Define curves sj(t)

s1(t)

xi and ni

xi+1 and ni+1

(c) Determine xi+1

Figure 4.4: Iterative tracking along the path with the highest probability to the experimental fiber
orientation data n (figure by Schöttl et al. [242]∗).

Allocation criteria

Subsequently, after determining a large number of microscopic bundle trajec-
tories S the mesoscopic bundles have to be further identified. As introduced,
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mesoscopic bundles consist of several related microscopic bundles. Through
applying clustering methods, the trajectories that belong to the same meso-
scopic bundle are merged together and as a result, the mesoscopic bundles are
identified. To clarify which microscopic bundle belongs to which mesoscopic
bundle two criteria are introduced below.

• Distance: Microscopic bundles of the same mesoscopic bundle are lo-
cated close together and consequently, the distance between those mi-
croscopic bundles is small.

• Orientation: Microscopic bundles of the same mesoscopic bundle run
parallel and consequently, the local orientation difference is small.

Suitable factors to quantify these two criteria and taking them into account for
clustering are presented. Trajectory A is given by SA = {xi : i = 1 . . .mA}
and trajectory B by SB = {yj : j = 1 . . .mB}. Introducing ỹi as the element
of SB , with the smallest euclidean distance to xi. Conversely, define x̃j ∈ SA,
with the smallest euclidean distance to yj . Figure 4.5 illustrates schematically
the corresponding elements ỹi, xi, x̃j and yj . The mean distance between two
trajectories SA and SB is introduced by

d̂AB =
1

mA

mA∑
i=1

|xi − ỹi| and d̂BA =
1

mB

mB∑
j=1

|yj − x̃j |. (4.5)

Distance d̂AB (and d̂BA) quantifies the mean distance from trajectory SA
to SB (and reverse). However, in general mA 6= mB and consequently,
d̂AB 6= d̂BA. In order to define a symmetric distance value in terms of
dAB = dBA, the distance between two trajectories SA and SB is defined
by dAB = min(d̂AB , d̂BA).
Additionally, to the spatial distance, also the difference in orientation between
two trajectories is taken into account for clustering. To compare the local ori-
entation of two microscopic bundles SA and SB , the trajectories are subdivided
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. .
.

Trajectory SA

. . .

Trajectory SB

xi

ỹi

yj

x̃j

Figure 4.5: The distance between the two trajectories SA and SB (figure by Schöttl et
al. [242]∗).

into sections of equal length. Subsequently, determining the second-order ori-
entation tensor N according to Equation 2.39 of all sections based on the as-
sociate orientation vectors ni. The first eigenvector v1 of N indicates the
principal orientation of the corresponding trajectory section.
The orientation difference of two trajectories SA and SB is determined by pair-
wise comparison of the sections of both microscopic bundles. The first eigen-
vectors of the nAB closest section pairs are compared. In this doctoral thesis
and the contribution [242]∗, sections and section pairs are indicated by low-
ercase α. The first eigenvectors of section pair α are labeled by vα and ṽα,
respectively. The difference in orientation of the section pair α is quantified by
the angle φα = ](ṽα,vα), as illustrated in Figure 4.6. The overall orientation

Trajectory SA
Trajectory SB

. .
.

. . .
φα

ṽα

ṽα
vα

Figure 4.6: The orientation difference φα of section pair α (figure by Schöttl et al. [242]∗).
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difference between two microscopic bundles SA and SB is then given by the
mean angle φAB of the nAB closest section pairs.

φAB =
1

nAB

nAB∑
α=1

φα. (4.6)

Hierarchical Agglomerative Clustering

Mesoscopic bundles are identified by clustering microscopic bundles based on
the introduced criteria. Step-wise close and parallel trajectories are composed
to the same cluster. Two clusters RA and RB are compared by the averaged
d̄AB and φ̄AB values of all microscopic bundle pairs between both clusters. By
taking the average distance d̄AB and orientation difference φ̄AB into account,
the similarity value

ρAB =
1

λG + λO

(
λO

(
kO − φ̄AB

kO

)
+ λG

(
kG − d̄AB

kG

))
(4.7)

between two clusters RA and RB is introduced. The average distance d̄AB
and the orientation difference φ̄AB are normalized by kG and kO. By adapting
those two weighting factors λG and λO, the distance and orientation criteria
leverages are adjusted. The similarity value ρAB ranges from 0 to 1 and spec-
ifies the similarity of two clusters. In case of ρAB = 1, both clusters RA and
RB are identical.
As published in the contribution of Schöttl et al. [242]∗, microscopic bundles
are clustered by a state-of-the-art hierarchical agglomerative (bottom - up) clus-
tering approach [246, 247]. In the beginning all trajectories S initialize an indi-
vidual clusterRi = {Si}, so that there are as many clusters as trajectories. For
each clustering step the similarity value ρAB of all cluster pairs is determined.
The cluster pair with the highest similarity is then merged together. As a result,
the number of clusters is reduced by one in each iteration step. The clustering
process is stopped when the highest similarity drops below a defined threshold
kρ or the difference of the highest similarity between two consecutive iteration
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steps is below a defined threshold ∆kρ. Usually, the threshold kρ is selected
between 0.85 and 0.95 and ∆kρ between −0.02 and −0.01, respectively.

RA RB RC RD RE RF RG RH
RCD

RAB

RCDE
RFG

RFGH

RCDEFGH
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Figure 4.7: Illustration of the hierarchical agglomerative clustering scheme to identify meso-
scopic bundles (figure by Schöttl et al. [242]∗).

Figure 4.7 schematically illustrates the hierarchical agglomerative clustering
process. Initially each trajectory SA...H forms an individual cluster RA...H .
In this example, the mesoscopic bundles are finally given by the resulting mi-
croscopic bundle clusters RAB = {SA,SB}, RCDE = {SC ,SD,SE} and
RFGH = {SF ,SG,SH} (cf. ellipses in Figure 4.7).

Selecting Appropriate Parameters

In order to apply the introduced fiber bundle tracking methods, appropriate pa-
rameters have to be selected. The tracking radiusR1 andR2 should be selected
as large as possible to reduce computational time and as small as necessary to
enable reliable tracking of even strongly curved fiber bundles. Consequently,
efficient and appropriate parameters have to be selected. Instead of defining all
parameters independently and individually, Figure 4.8 clarifies the relationship
between step length S and angle θ, when tracking along a circular arc with
radius R. In this case, the aperture angle θ is determined as a function of S and
R by

θ = sin−1
(
S

2R

)
. (4.8)
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For the fiber bundle tracking method the lower radius R1 and upper radius R2

should be selected below and above S with respect to the aperture angle θ. As
a consequence, the tracking parameters can be selected directly depending on
the minimum radius R that should be able to track.

R n

θ

S

R1 < S

R2 > S

Figure 4.8: Iterative tracking along a circular arc. Linking the tracking radii R1, R2 and the
aperture angle θ (figure adapted from Tournier et al. [124]).

In practice, the radius R1 and R2 are selected with respect to the fiber bundle
geometry including the width and the maximum curvature. Subsequently, the
aperture angle θ is defined in order to track fiber bundles with a minimum cur-
vature radius of R. The selected values for R1, R2 and θ were chosen rather
conservatively to ensure an accurate result.
Furthermore, the number of starting points is selected based on the specimen
size and fiber bundle width. In this work the starting point locations are de-
fined by an equidistant grid. Other options such as a random distribution are
available but have not been applied due to reproducibility issues.
Fiber bundles within three different SMC samples with different voxel sizes
are tracked and further analyzed. The first two samples were used to validate
the tracking method in the contribution of Schöttl et al. [242]∗ and the sec-
ond sample to investigate the fiber bundle curvature within a weld line of a
SMC component [118, 240]∗. In Table 4.1 the selected tracking and clustering
parameters of the respective samples are listed.
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Table 4.1: Selected parameters of the fiber bundle tracking and clustering method [118, 240,
242]∗.

Property Unit Sample
No. 1

Sample
No. 2

Sample
No. 3

Voxel size µm 9.1 6.8 17.2

Lower radius R1 Voxel 16 22 12

mm 0.15 0.15 0.21

Upper radius R2 Voxel 20 26 17

mm 0.18 0.18 0.29

Aperture angle θ ◦ 6 6 10

Starting point location - Equidistant Equidistant Equidistant
No. of starting points - 6032 9240 15876

Weighting factor λG - 2 2 2

Weighting factor λO - 1 1 1

Threshold kρ - 0.9 0.9 0.9

Threshold ∆kρ - −0.015 −0.015 −0.015

Application - Validation Validation Weld line

Computational Parallelization for Multi-thread Application

For SMC fiber bundle analysis, a large number of microscopic fiber bundles
are tracked. The tracking process of large volumetric image data is computa-
tional and memory expensive. Subdividing the overall analysis task into small
separable tasks enables the parallel processing on several CPUs. The fiber bun-
dle tracking is well suited for parallel processing, since the iterative tracking
process at different starting points x0 take place independently of each other.
For each parallel operation the necessary fiber orientation data n must be pro-
vided. In order to save memory and to enable running multiple parallel threads,
not the entire volumetric data are passed to each thread but only sufficient local
data. Figure 4.9 illustrates schematically the local passed volumetric data in the
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context of the entire data set. As a result, the memory is used more efficiently
and more threads can run in parallel. To ensure that the necessary data are pro-
vided to all parallel threads, the cut off radius rcut of the spherical sub-volume
is selected to be the fiber bundle length of 25.4 mm.

x0 rcut x0rcut x0 rcut

Entire volumetric data Ω

Tracking start point x0 Local volumetric data
ξ ⊆ Ω

Figure 4.9: Parallelization of the fiber bundle tracking process and dividing the volumetric data
into sub-volumes by means of cut off radius rcut.

4.1.3 Fiber Bundle Curvature

Beyond fiber orientation tensors N and distribution, further fiber architecture
properties can be used to characterize the SMC microstructure. Similar to fiber
undulation of woven fabrics, the curvature of SMC fiber bundles affects the
mechanical properties. In this doctoral thesis, the fiber bundle curvature is
characterized based on the fiber bundles tracking results.
In general, the curvature κ of a space curve or trajectory r(s) is given by

κ(s) = ‖d2r(s)

ds2
‖, (4.9)

where s is the arc length along the curve r(s). Figure 4.10 illustrates the cur-
vature by means of a circular arc. In case the fiber bundle is circular shaped,
the curvature κ becomes the radius reciprocal 1/R.
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R
s > 0

s = 0
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ds = n(s)

ey

ex
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Figure 4.10: Introducing the curvature κ of a space curve r(s).

As published in the contribution [240]∗ the fiber bundle curvature is determined
based on the fiber bundle tracking data. Since the tangent vector n is already
determined during the fiber bundle tracking process and

n =
dr(s)

ds
, (4.10)

the curvature is determined by

κ(s) = ‖dn(s)

ds
‖. (4.11)

The numerical derivation of the local fiber orientation n according to the arc
length s was implemented via the midpoint differentiation scheme. Further-
more, to eliminate noise effects, the curvature data are smoothed by applying
the median filter along the fiber bundles.
The fiber bundle tracking results and curvature analysis data are applied to
characterize the fiber bundle curvature within and around a weld line [240]∗.
In addition the obtained curvature distribution data are further used for com-
parison and validation of a novel fiber bundle process simulation model in the
contribution of Meyer et al. [118]∗.
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4.2 Damage Segmentation

In-situ µCT testing acquires volumetric images of SMC specimen microstruc-
tures featuring cracks. In this section three different image processing methods
to segment cracks three-dimensionally are introduced. All these methods are
based on fundamentally different approaches, including gray-scale neighbor-
hood processing, full-field correlation and artificial intelligence. The perfor-
mance and applicability of these methods is evaluated and compared in the
following chapters.

4.2.1 Seed-Region-Growth Segmentation

Image processing methods based on gray-value histogram are well suited to
segment objects which are monolithic and thus, associated with a homoge-
neous gray-value. In case of µCT scanning the gray-values represent the X-ray
attenuation and voxels of the same material are indicated by equal gray-values.
Although cracks are homogeneous, the gray-value within them will vary due
to image noise and µCT artifacts. Because of that image noise and the fact that
cracks form slim structures, advanced image processing methods are necessary
for accurate crack segmentation.
In this doctoral thesis the Seed-Region-Growth segmentation method (SRG)
introduced by Adams and Bischof [96] is applied to segment cracks within
µCT volumetric images [241]∗. The aim of the SRG method is to identify in-
terrelated structures by using a growth approach based on two thresholds kseed

and kgrowth, as introduced in Section 2.4.3. Both thresholds are selected rela-
tive to the maximum gray-value, in order to be applied equally to images with
different gray-value distributions.
The segmentation process including defining seed, region growing and the fi-
nal segmented cracks are illustrated in Figure 4.11. For comparison between
the SRG method and basic thresholding technique (cf. Section 2.4.2), Fig-
ure 4.11 (d) shows the single thresholding result by using the upper threshold
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kgrowth. To distinguish cracks and background around the specimen, the sur-
face of the specimen is determined by using VGSTUDIO MAX 3.4 by Volume
Graphics.

Comparison of the results︷ ︸︸ ︷

(a) Gray-scale
image.

(b) Define seeds. (c) Region
growth.

(d) SRG result. (e) Single thresh-
olding result.︸ ︷︷ ︸

SRG method

Figure 4.11: In (a) an exemplary gray-scale image and in (b) to (d) the crack segmentation pro-
cess by means of the SRG method. For comparison the single thresholding result is
shown in (e). Background in black and segmented crack in white.

As introduced in Section 2.4.4, the closing-operation eliminates incorrect seg-
mented voxels inside objects by closing inclusions within objects in binary im-
age data. Goal of the closing-operation is to obtain a simple contiguous object
by performing a morphological image operation. In order to improve the SRG
crack segmentation results, a slight closing operation is applied subsequently.
Figure 4.12 shows the process and how incorrect voxels inside the SRG seg-
mented crack are eliminated. In this work the imclose-function by MATLAB
(R2020b) is applied.
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(a) Gray-scale image. (b) SRG result. (c) Closing-operation.

Figure 4.12: Eliminating incorrect segmented voxels by using the closing operation (background
in black and segmented crack in white.

4.2.2 Digital Volume Correlation

Interrupted in-situ µCT testing acquires volumetric images of the same speci-
mens prior to and after deformation. Based on these volumetric images digital
volume correlation (DVC) methods determine the displacement and strain field
between the initial and deformed microstructure. According to the fundamen-
tal kinematics of continuum mechanics presented in Section 2.1.1, within de-
formed solids without cracks the function χ in Equation 2.1 can clearly assign
the initial and deformed state. Yet, cracks lead to an ambiguity of the con-
tinuum mechanics kinematic. In regions where cracks occur the DVC cannot
clearly correlate the initial and deformed microstructure. This phenomenon is
schematically illustrated in Figure 4.13, where the material point P cannot be
clearly associated with either P+ or P− due to the crack formation. This in-
consistency leads locally to a bad correlation result and consequently, a high
difference volume within the crack region of the DVC result. The larger the
crack opening, the greater the phenomenon that occurs and the more distinct is
the resulting feature in the DVC data.
This phenomenon is utilized to identify cracks by means of DVC. In this doc-
toral thesis the DVC method by VGSTUDIO MAX 3.4 is applied. A local
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Crack
P P+

P−

Initial Deformed

Figure 4.13: Ambiguity and singularity in continuum kinematics due to crack formation.

non-linear transformation is selected, where the displacement field is deter-
mined by using third-degree b-spline functions. The DVC result is calculated
by the DVC software based on a global DVC optimization approach, as intro-
duced in Section 2.6.
Crack regions within the SMC microstructure are identified by correlating vol-
umetric images of the initial and deformed specimen and subsequently, evalu-
ating the difference volume data. The decisive parameter for the application of
DVC methods is the grid size. The control point spacing parameter in Table 4.2
were selected based on performed applications in advance.

Table 4.2: Selected parameters of the digital image correlation analysis.

Property Quantity

DVC software VGSTUDIO MAX 3.4

Control point spacing 64 voxels
Type of transformation Local non-linear
Maximum number of iterations 500

Full-field quantity Difference volume
von Mises strain
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4.2.3 Convolutional Neural Network

Artificial intelligence approaches and convolutional neural networks (CNN) in
particular are well suited to segment objects within image data. In this doctoral
thesis CNN models are used to segment cracks within volumetric images ac-
quired by µCT scanning. The fundamental approach is to optimize the weights
of series-connected convolution filters, in order to recognize and segment the
targeted objects. Training of the CNN requires a sufficient and suitable image
database, that consists of input and ground truth images, in which the corre-
sponding cracks are labeled. The training data set is extracted by separated
volumetric images, which are not used for the microstructure and crack anal-
ysis. First, µCT cross sections are extracted from the volumetric images and
cracks are manually labeled. Then, a large number of square image sections
are extracted with the corresponding input size for the CNN. This procedure is
schematically illustrated in Figure 4.14. A large part of the training data used in
this doctoral thesis was generated as part of the master thesis of Sönmez [248].
The volumetric images used for the training process and the damage character-
ization were strictly separated.

Training data set

Input image Ground truth

Labeling

Volumetric image

Figure 4.14: Schematic illustration of the process for generating the training data. Acquisition of
input images and corresponding ground truth from volumetric images for training of
the CNN model. The dimension bars were not part of the input data or ground truth
and were added for display only.
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In general, the acquisition of training data is highly time consuming and there-
fore, only a limited number of labeled images are available. To increase the
number of training images, image augmentation methods are applied. Here the
original images are slightly modified to create artificial new ones. In order to
keep the training data set consistent, the input and ground truth data have to
be modified equivalently. In this work the training images are augmented by
using rotation and flipping. Figure 4.15 illustrates representative input images
in the upper row and the corresponding ground truth below. On the left side
original images are shown and on the right images which were generated by
using image augmentation.

Original images︷ ︸︸ ︷ Augmented images︷ ︸︸ ︷

(a) Input image. (b) Input image. (c) Input image. (d) Input image.

(e) Ground truth. (f) Ground truth. (g) Ground truth. (h) Ground truth.

Figure 4.15: In the upper row representative input images and the corresponding ground truth
below (background in black and labeled cracks in white). On the left side original
images and on the right images, which were modified by using image augmentation.
The image size is 96 pixels × 96 pixels and the voxel size 6.2 − 7.0 µm. The
dimension bars were not part of the input data or ground truth and were added for
display only.
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In this doctoral thesis the U-Net architecture presented by Ronneberger et
al. [172] and illustrated in Figure 2.29 is selected as the CNN model. Here,
the basic layer structure, activation functions and further details are specified
by the U-Net architecture. The model is implemented by using Tensorflow
2.3.1, Keras 2.4.3 and Jupyter Notebook 2.2.8. The U-Net architecture is char-
acterized by the fact that there is no bottleneck regarding the feature transfer
and as a result, it can segment even fine structures and objects. As usual for
CNN, the U-Net architecture consists of several convolutional filters and can
therefore recognize and segment features transversely invariant. Utilizing the
acquired training data the U-Net model is trained to segment cracks voxel-
wise. The model was trained and evaluated by using the bwUniCluster 2.0 at
the Karlsruhe Institute of Technology (KIT). Selected parameters and options
of both the U-Net architecture and training processes are listed in Table 4.3.

Table 4.3: Parameters and options of the convolutional neural network and the training process.

Parameter/Option Quantity/Setting

Architecture U-Net [172]
Mask size Convolutional (3× 3), Max pooling (2× 2)
Activation function ReLU (cf. Equation 2.47)
Output function Softmax (cf. Equation 2.48)
Metric Accuracy, Precision, Recall

and F-measure (cf. Equation 2.52)
Loss Binary Cross-Entropy (cf. Equation 2.50)
Optimizer Adam [249]
Trainable parameters 465986

Image augmentation Rotation (≤ 180◦), Horizontal/Vertical Flip
Input/output image size 96 pixels × 96 pixels
No. of original images 9926

Data share Training (70 %), Validation (20 %), Test (10 %)
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The CNN model returns a prediction result with values between zero and one,
indicating voxel-wise whether a crack or background has been recognized.
These prediction values are interpreted as the confidence of the CNN model to
have identified either a crack or background. The higher the prediction value,
the more confident the CNN model is.
A limitation of fully-connected CNN in general and the U-net in particular, is
the fixed and predefined size of the input image. For most CNN models the
input images must be square and a multiple of 32. In this work the input image
size is selected to be 96 pixels × 96 pixels. In order to evaluate large-scale
volumetric images and with variable sizes, they are subdivided equidistantly
into image patches with the predefined size of 96 pixels × 96 pixels. These
image patches are evaluated by the trained CNN and afterwards reassembled
to a volumetric data set. As a result, cracks are segmented within large-scale
volumetric images with variable size independent of the predefined input im-
age size. Figure 4.16 schematically illustrates this crack segmentation process
on volumetric images.

µCT gray-scale
volumetric image

Input image

Trained U-Net
Volumetric

prediction data

Prediction

Figure 4.16: Segmenting cracks within volumetric images with variable size by using a trained
U-Net model. Extracting image section, crack segmentation by applying the trained
U-Net and reassembling of the volumetric prediction data.

The grid by which the image patches are extracted and reassembled can affect
the crack segmentation results. For this reason the µCT volumetric images are
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evaluated multiple times by using slightly shifted grids. The determined volu-
metric prediction data by using those different grids are afterwards combined
and as a result, grid related effects are eliminated. Figure 4.17 illustrates the
application process based on multiple grids. In this doctoral thesis, the µCT
volume images are evaluated by a number of five slightly shifted grids.

µCT gray-scale
volumetric image

Multiple grids

...

Trained U-Net

Reassembling

...

Volumetric
prediction data

Figure 4.17: Procedure to segment cracks within volumetric images with variable size by using
the trained U-Net model. Minimizing discretization effects of the patches by initiat-
ing, evaluating and reassembling using multiple slightly shifted grids.
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4.3 Damage Characterization

The image data of the spatially segmented cracks are used to further examine
damage comprehensively. In this section, image processing methods to char-
acterize damage based on the crack segmentation results are presented. The in-
troduced methods in this section mostly refer to the contributions [241, 243]∗.

4.3.1 Experimental Crack Normal Vector

To quantify the crack orientation distribution by means of experimental crack
segmentation data, first the local orientation of cracks has to be determined. As
introduced in Section 2.2.5 and Figure 2.8, the geometry of cracks is assumed
to be step-wise planar and the orientation is described by the normal unit vector
g. In practice, cracks are usually not perfectly planar and consequently, the ori-
entation of a crack cannot be expressed by a single normal vector g. However,
since the surface of cracks is considered to be step-wise planar and the crack
orientation is characterized by a large number of unit vectors g normal to the
crack surface, as illustrated in Figure 4.18. As a result, the crack geometry is
discretized by those experimental crack normal vectors g.

Solid

gi

Crack

gi

gi

Figure 4.18: Illustration of cracks within a solid and the crack normal unit vectors g (figure by
Schöttl et al. [243].)
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In this doctoral thesis and the contribution [241]∗, cracks are analyzed based
on volumetric images acquired through µCT scanning. By applying the intro-
duced segmentation methods in Section 4.2, the cracks are segmented voxel-
wise and a binary volumetric image is returned. The unit vectors g normal
to the crack surface are then determined by using Gaussian blurring and the
three-dimensional Gradient filter. First Gaussian blurring is applied to smooth
the edges between background and segmented cracks. This is done to reduce
the effects of voxel-related discretization. The Gradient filter then determines
the vectors normal to the crack surface based on the contrast between back-
ground and segmented crack voxels. Subsequently, the crack normal vectors g
are calculated by normalizing the gradient vectors g = (gx, gy, gz)

T , so that
‖g‖ = 1. Through the normalization the contrast gradient aspect is elimi-
nated and the vectors g only indicate the crack normal direction. Figure 4.19
illustrates the introduced procedure to determine the crack normal vectors g
step-by-step based on an exemplary image with a segmented crack. In Fig-
ure 4.19 (b) and Figure 4.19 (c) Gaussian blurring and Gradient filter opera-
tions are applied one after the other.

(a) Segmented crack. (b) Gaussian blurring. (c) Vertical gradient gy .

Figure 4.19: Image processing to determine the crack normal orientations. In (a) the voxel-wise
segmented crack, (b) the Gaussian blurring result (σ = 1.5 voxel) and (c) the
gradient in vertical direction (background in back and the crack in white, voxel size
of 6.8 µm, re-illustration original figures by Schöttl et al. [243]∗).
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4.3.2 Crack Orientation Tensor

The authors Lubarda and Krajcinovic [53] introduced the second-order crack
orientation tensorD in Equation 2.23 to describe anisotropic damaging mathe-
matically. Similar to the work of Ken-Ichi [101] on the fiber orientation tensor,
the contribution by Schöttl et al. [243]∗ establishes the empirical crack density
function ρ(g) by usingN experimentally determined crack normal unit vectors
gi and the discretization

ρ(g) =
1

N

N∑
i=1

δ(‖g − gi‖), (4.12)

where δ(·) is the Dirac delta function. As a consequence and analog to Equa-
tion 2.39, the second-order crack orientation tensor D is empirically deter-
mined by

D =
1

N

N∑
i=1

gi ⊗ gi. (4.13)

The trace of the empirical second-order crack orientation tensor D is normal-
ized since

tr(D) = 1 = ρ0. (4.14)

As a result, the total crack density is normalized to 1. The empirical second-
order crack orientation tensorD describes the anisotropic characteristics of the
damage, but due to the normalization (ρ0 = 1) it does not quantify the total
damage. Table 4.4 shows exemplary cases of different crack orientations and
shapes and the resulting crack orientation tensorsD.
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Table 4.4: Schematic cases of different types, shapes and orientations of cracks and the resulting
second-order crack orientation tensors D.

Crack orientation Illustration Second-order crack
orientation tensorD

Cracks normal to ey Crackex

ey 
0 0 0

0 1.0 0

0 0 0


{ex,ey,ez}

Cracks oriented in 45◦

to ex direction
ex

ey 
0.5 0.5 0

0.5 0.5 0

0 0 0


{ex,ey,ez}

Cracks normal to ex
and ey

ex

ey 
0.5 0 0

0 0.5 0

0 0 0


{ex,ey,ez}

Quarter circle
formed cracks

ex

ey 
0.5 0.3 0

0.3 0.5 0

0 0 0


{ex,ey,ez}

Ellipse-shaped cracks
(aspect ratio = 4)

Crackex

ey 
0.1 0 0

0 0.9 0

0 0 0


{ex,ey,ez}
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4.3.3 Crack Volume Fraction

As presented, the crack orientation tensor D characterizes the spatial damage
distribution in terms of anisotropy, but not the total damage state. As a conse-
quence, an additional scalar value must be introduced to describe the damage
state. As a supplement to the empirical crack orientation tensor D, the crack
volume fraction ρCrack is introduced in the contribution of Schöttl et al. [241]∗

to quantify the total damage state. The crack volume fraction ρCrack is deter-
mined by the ration between the accumulated volume of all cracks VCrack and
the reference volume Vref by

ρCrack =
VCrack

Vref
. (4.15)

The reference volume Vref covers the total specimen volume within the µCT
scanned region including the cracks, which means that the reference volume
Vref is independent of the crack formation state. Figure 4.20 illustrates the ac-
cumulated volume of all cracks VCrack and the reference volume Vref schemat-
ically. As a consequence, the crack volume fraction ρCrack takes into account
both damage propagation aspects, the growth of cracks and the formation of
additional cracks.

Vref

VCrack

FF

Figure 4.20: Illustration of the accumulated crack volume VCrack and the reference volume Vref.
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4.3.4 Damage Classification

Mechanical properties on the macro scale are significantly affected by the for-
mation of cracks on the microscopic level. However, the formation of cracks
in fiber-reinforced composites affects the mechanical properties on the macro
scale in different ways, depending on whether the cracks damage the matrix,
fiber bundles or interface. As shown in Section 2.2 and Section 3.2.3, vari-
ous damage mechanisms occur within fiber-reinforced composites and SMC,
in particular. The individual damage mechanisms proceed differently and also
have different effects on the mechanical behavior. As a consequence, the iden-
tification and quantification of predominant damage mechanism(s) is essential
to understand the damaging process comprehensively.
In this doctoral thesis a method is introduced to classify damage mechanisms
which are related to crack formation based on in-situ µCT results. Cracks are
segmented by using the presented methods in Section 4.2. Based on the crack
segmentation and fiber orientation results (cf. Section 2.5.2), three different
damage mechanisms for SMC are investigated and classified:

I Matrix cracking

II Pseudo-delamination

III Fiber bundle fracture

The introduced classification method in this work is inspired by the funda-
mental crack classification approach presented by Yu et al. [76], in which
cracks within woven glass fiber-reinforced composites are classified based on
their orientation and neighboring microstructure. To identify the local damage
mechanism the surrounding microstructure around the cracks has to be taken
into account for the evaluation. Figure 4.21 illustrates schematically a crack
along and through fiber bundles, as well as matrix. In order to classify the lo-
cal damage mechanism at a specific location of this crack, the spherical control
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4.3 Damage Characterization

volume B with radius R is introduced. Based on the microstructure within the
control volume B the corresponding damage mechanisms are evaluated.

Matrix

Fiber bundle

Crack
R

Control volume
B with radius R

Fiber bundle
fracture

Matrix
cracking

Pseudo-
delamination

g
n

n

Figure 4.21: Identification of damage mechanisms by taking the surrounding microstructure into
account. Classification approach for the damage mechanisms based on the control
volume B around the crack. The proportions of radius R, fiber diameter and bundle
width are not illustrated realistically.

In practice, damage mechanisms do not occur isolated but rather mixed. For
this reason criteria are introduced to identify the mixed nature of the dam-
age mechanisms. Figure 4.22 presents the mathematic classification criteria of
the three SMC damage mechanisms matrix cracking, pseudo-delamination and
fiber bundle fracture. The damage mechanisms are determined based on the
control volume B around the crack, including the interaction of crack orienta-
tion gj and fiber orientationni data. The matrix crack fraction ρI,j is calculated
by the volume fraction of matrix within the control volume B. Complementary
to this, the other two damage mechanisms are divided depending on whether
the crack is oriented parallel or perpendicular to fibers within B. Here it should
be noted that the crack orientation gj is normal to the crack plane.
The pseudo-delamination criterion includes the delamination within one (intra)
and between two fiber bundles (inter). All three damage criteria are normal-
ized in the way that their sum is one (ρI,j + ρII,j + ρIII,j = 1). By applying
the damage classification method the fraction of the three individual damage
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mechanisms are quantified. Together with the crack volume fraction and the
crack orientation analysis, the damage characterization methods presented in
this doctoral thesis make it possible to determine the extent of cracks, the di-
rection in which they are oriented and what aspects of the microstructure they
damage.

Damage mechanisms in SMC
associated with crack formation

Matrix cracking

Crac
k su

rro
un

de
d

by
matr

ix
N

M
≥

1

Matrix

Crack

1

ρI,j =
1

Nall

NM∑
i=1

1 =
NM

Nall

Interaction of fiber orientation n
and crack orientation g.

Crack surrounded

by fibers N
F ≥

1

Pseudo-delamination

pe
rpe

nd
icu

lar
⊥

FibersCrack

n
g

1− n · g

ρII,j =
1

Nall

NF∑
i=1

(1− ni · gj)

Fiber bundle fracture

parallel ‖

FibersCrack

ng

n · g

ρIII,j =
1

Nall

NF∑
i=1

ni · gj

Nall: Number of all voxels in B
NM: Number of matrix voxels in B
NF: Number of fiber voxels in B

Figure 4.22: Introducing mathematical criteria ρI,j , ρII,j and ρIII,j to quantify the damage mech-
anisms in SMC that are associated with crack formation. The damage mechanisms
are classified for each crack voxel j individually.

An important aspect while applying the damage classification method is to
select an appropriate radius R of the spherical control volume B. The radius R
should be selected appropriately to take a representative microstructure volume
around the cracks into account and to make a meaningful statement about the
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4.3 Damage Characterization

evaluated damage mechanisms. To adjust the control volume independent by
the voxel size of the µCT scan, the radius R is defined by referring to the fiber
diameter. The radius R is selected to be 20 times the fiber diameter and was
adjusted by application in advance.
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5 Experimental

The key aspect of the experimental investigation in this doctoral thesis is the
acquisition of volumetric images by means of µCT scanning and interrupted
in-situ testing in order to analyze the damaging behavior on the microstruc-
tural level. Details of the used µCT system, in-situ testing stage and analyzed
specimens are given in the sections below.
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5 Experimental

5.1 Micro-Computed Tomography System

The µCT measurements in this doctoral thesis were performed on a CT Preci-
sion system from XYLON International GmbH (Hamburg, Germany) installed
at the Institute for Applied Materials (IAM-WK), Karlsruhe Institute of Tech-
nology (KIT). The µCT system can be equipped with either a transmission
or a reflection tube head from Comet Group AG (Flamatt, Switzerland). The
maximum power of the transmission tube head is 10 W and 200 W of the re-
flection tube head. Resolution of the detector, edge length and pixel pitch of
the flat panel Y.XRD1620 from PerkinElmer Inc. (Waltham, United States) are
2048 pixels × 2048 pixels, 409.6 mm and 200 µm, respectively. Before each
µCT experiment, the X-ray detector is calibrated by a free-beam measurement.
The operation parameters exposure time, current, voltage and frame binning
were selected to 500 - 1000 ms, 0.03 - 0.25 mA, 130 - 150 kV and 2, respec-
tively.

Figure 5.1: XYLON CT Precision µCT System [250].
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5.2 In-situ µCT Testing Stage

In-situ µCT testing is an experimental method in material science, which com-
bines mechanical testing and µCT scanning. The principle in-situ µCT setup
and the fundamental process, where a specimen under mechanical load is
screened by µCT scanning is illustrated in Figure 5.2. The acquired volumet-
ric images offer a three-dimensional view into microstructure of the specimen
while damage takes place. In this work interrupted in-situ µCT tests are carried
out. As a result, volumetric images of the examined specimens at selected
damage stages are acquired.

Crack/
Damage

F (t) or u(t)

X-ray tube

D
et

ec
to

r Cone-beam

(a) Principle in-situ µCT
scanning setup.

(b) Schematic volumetric image
of the damaged specimen.

Figure 5.2: Illustrating the principle in-situ µCT testing setup. Combining µCT scanning and in-
situ tensile testing in order to acquire volumetric images of damaged microstructures.

The in-situ µCT testing stage used in this doctoral thesis is shown in Fig-
ure 5.3. It was designed at the Institute for Applied Materials (IAM-WK) [251–
254],[241, 243]∗. The lean design of the load frame made of a CFRP tube
enables to place the testing stage close to the focus spot and thus, acquire high-
resolution volumetric images with high contrast. Figure 5.4 shows the clamp-
ing situation inside the load frame. Material with high mass density, such as
metals highly absorb X-ray and can negatively affect the µCT scan. Although
the clampings are made of steel, those are not located inside the cone-beam
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area, as illustrated in Figure 5.4 (a) and consequently, do not affect the µCT
scanning process. The maximum traverse speed and load of the in-situ µCT
load stage are 2.4 mm min−1 and 5 kN, respectively.

X-ray tube

Detector

Load frame

Actuator

Rotation table

Figure 5.3: The µCT system including detector, rotation table and X-ray tube. Furthermore, the
mechanical setup to conduced in-situ tensile tests, which consists of a CFRP load
frame where the specimen is clamped inside (figure by Schöttl et al. [241]∗).

Cone-beam

Focus spot

X
-r
ay

tu
be

Detector

Clamping
(Steel)

Specimen (SMC)

Load frame (CFRP)

F (t), u(t)

Clamping
(Steel)

Mount (Steel)

(a) Cross section of the setup.

Clamping (Steel)

Specimen (SMC)

Clamping (Steel)

(b) Specimen clamping.

Figure 5.4: Illustration of the µCT system and the in-situ testing setup. In (a) the cross section of
the in-situ setup and (b) the clamped SMC specimen without the load frame (figures
by Schöttl et al. [241]∗).
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5.3 Cyclic Tensile Load Protocol

In practice, cyclical load is a common use case. The in-situ µCT tests in
this work are carried out by applying cyclic tensile load. To investigate the
crack propagation in detail by means of interrupted µCT scanning the damage
is introduced step-wise in a controlled manner by using cyclic load increase
tests. The mechanical tensile tests are carried out displacement controlled.
Figure 5.5 (a) illustrates the in-situ µCT protocol using cyclic load, where the
displacement amplitude is constant and the mean displacement is increased in
each load step. In the beginning an initial µCT scan of the specimen is acquired.
Subsequently, after each load step a µCT scan is performed at the upper dis-
placement amplitude uscan = um + ∆u, where um is the mean displacement
and ∆u the displacement amplitude. As a result, volumetric images of the
microstructure with maximum crack opening are acquired.

Time

. . .

µCT scan

. . .

. . .

um,1
∆u
∆u

um,2

Load step 1

µCT
scan

Load step 2

µCT
scan

(a) Displacement u.

Time

. . .

. . .

σN,max
∆σN

. . .

σN,max

∆σN

µCT scan

µCT
scan

µCT
scan

Load step 1

Load step 2

(b) Nominal stress σN .

Figure 5.5: Illustration of the (a) displacement and (b) nominal stress along the interrupted in-situ
µCT test applying cyclic tensile load which is increased by each load step.

A cyclic load step takes about 30 min to complete. In order to avoid specimen
moving during the scan and acquire sharp projections, 5 min are waited be-
tween the load step end and the beginning of the µCT scan. Acquiring the µCT

129



5 Experimental

projections over 360◦ takes 80 min. All µCT scans of the same sample are per-
formed with the same scan parameters. Figure 5.5 (b) illustrates schematically
the measured nominal stress signal. Important quantities are the maximum
nominal stress σN,max and the drop of the nominal stress ∆σN for each load
step.

5.4 Specimen Geometries

The investigated specimens are extracted by water jet cutting from plates of
800 mm × 250 mm and 800 mm × 150 mm. The plates are between 1.5 mm

and 2.0 mm thick.
As introduced in Section 3.1.4, the initial charge coverage and mold flow pro-
cess affect the fiber alignment of the microstructure. SMC samples with initial
charge coverage between 25 % and 50 % and plate orientations of 0◦, 45◦ and
90◦ with respect to the mold filling direction (MFD) are analyzed, as shown in
Figure 5.6. The geometry of the examined SMC samples by means of in-situ
µCT testing is illustrated in Figure 5.7. The notched geometry was developed
to force a stress concentration here and study the microstructural damage in
detail by focusing the µCT scanning on the notched region. Similar geometries
for in-situ µCT testing have been studied in several contributions [84, 85, 255].

Charge region Flow region

Initial charge
coverage

Mold filling
direction (MFD)

90◦
45◦

0◦

Figure 5.6: Plate orientation of the extracted SMC samples in 0◦, 45◦ and 90◦ to the MFD.
Illustration of the initial charge coverage, flow region and MFD.
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5 mm10 mm

∅5 mm

85 mm

Figure 5.7: Illustration of the double semi-circle notched sample geometry, which is used for in-
situ µCT tests. Sample thickness t = 1.5− 2.0 mm (figure by Schöttl et al. [241]∗).

5.5 Fractography

In addition to the in-situ µCT measurements, the fracture surfaces of the tested
SMC samples are examined by using scanning electron microscopy (SEM).
The SEM images in this doctoral thesis were acquired by using an EVO 50
SEM system by Carl Zeiss AG (Oberkochen, Germany) at the Institute for
Applied Materials (IAM-WK). Before scanning the SMC specimens, a layer
of gold was sputtered on the fracture surfaces. The operation parameters of the
SEM including the working distance and accelerating voltage were selected to
8.0 - 10.5 mm and 10.0 kV, respectively. The SEM images were acquired with
the support of Jonas Hüther.
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6 Results

Chapter 4 and chapter 5 introduce the developed methods as well as the ex-
perimental applications. The obtained results in terms of microstructure and
damage characterization are presented comprehensively in this chapter. Goal
of this doctoral thesis is to investigate the relationship between microstructure
and damage behavior by means of µCT technique. Consequently, the results
on microstructure and damage characterization are brought together. First, the
SMC microstructure of the in-situ µCT specimens is characterized, among oth-
ers, and their damage behavior is then investigated further.
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6 Results

6.1 Microstructure Characterization

In this section the results in terms of microstructure characterization are pre-
sented. The fiber architectures of the in-situ µCT specimens are examined
regarding the fiber orientation distribution. Furthermore, the fiber bundles of
SMC microstructures are analyzed and the curvature distribution within a weld
line is characterized.

6.1.1 Fiber Orientation

The presented microstructure characterization methods in Section 4.1 are ap-
plied to analyze the SMC microstructure in terms of the fiber orientation dis-
tribution. In following sections the microstructure characterization results of
the in-situ µCT specimens with the geometry in Figure 5.7 are presented. Four
SMC specimens with different microstructures are examined in detail. The
microstructures of the specimens are characterized by the fact that the fiber
orientation distributions are:

• Highly oriented in 0◦ (HO-0◦)

• Highly oriented in 45◦ (HO-45◦)

• Highly oriented in 90◦ (HO-90◦)

• Randomly oriented (RO)

with respect to the tensile load direction (=̂ 0◦).
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6.1.2 Fibers Highly Oriented in Load Direction

Presenting the microstructure data of a specimen with 0◦ plate orientation. Fig-
ure 6.1 shows a representative µCT cross section and the corresponding fiber
orientations visualized by HSV color space. The fiber orientation histogram
and the orientation tensors N are illustrated in Figure 6.2. The results reveal
that the fibers are highly oriented along the tensile load direction (HO-0◦).

(a) µCT cross section. (b) Fiber orientation.

Figure 6.1: Characterizing the microstructure of the HO-0◦ specimen. In (a) a gray-value µCT
cross section and (b) the fiber orientation visualized by HSV color map.

(a) Fiber orientation histogram.

N =


0.37 0.02 0.00

0.02 0.61 0.00

0.00 0.00 0.02


{ex,ey,ez}

(b) Second-order fiber orientation tensor.

Figure 6.2: In (a) the fiber orientation histogram of the entire specimen and (b) the empirical
second-order orientation tensor N of the HO-0◦ specimen. Load direction =̂ 0◦.
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6.1.3 Fibers Highly Oriented Diagonal to the Load
Direction

Figure 6.3 illustrates a representative µCT cross section of the SMC in-situ
specimens with 45◦ plate orientation and the corresponding fiber orientations.
In addition, the fiber orientation histogram and second-order fiber orientation
tensors N are shown in Figure 6.4. The fiber orientation histogram in Fig-
ure 6.4 shows that the fibers are highly oriented at 45◦ (HO-45◦).

(a) µCT cross section. (b) Fiber orientation.

Figure 6.3: Characterizing the microstructure of the HO-45◦ specimen. In (a) a gray-value µCT
cross section and (b) the fiber orientation visualized by HSV color map.

(a) Fiber orientation histogram.

N =


0.44 −0.22 0.01

−0.22 0.55 0.01

0.01 0.01 0.01


{ex,ey,ez}

(b) Second-order fiber orientation tensor.

Figure 6.4: In (a) the fiber orientation histogram of the entire specimen and (b) the empirical
second-order orientation tensor N of the HO-45◦ specimen. Load direction =̂ 0◦.
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6.1.4 Fibers Highly Oriented Perpendicular to the
Load Direction

In Figure 6.5 a representative µCT cross section and the corresponding fiber
orientations are illustrated of a specimen with 90◦ plate orientation. Figure 6.6
shows the determined fiber orientation histogram and fiber orientation tensor
N . The results in Figure 6.5 (b) and Figure 6.6 (a) both reveal that the principal
fiber orientation is aligned perpendicular to the load direction (HO-90◦).

(a) µCT cross section. (b) Fiber orientation.

Figure 6.5: Characterizing the microstructure of the HO-90◦ specimen. In (a) a gray-value µCT
cross section and (b) the fiber orientation visualized by HSV color map.

(a) Fiber orientation histogram.

N =


0.70 0.01 0.01

0.01 0.29 0.00

0.01 0.00 0.01


{ex,ey,ez}

(b) Second-order fiber orientation tensor.

Figure 6.6: In (a) the fiber orientation histogram of the entire specimen and (b) the empirical
second-order orientation tensor N of the HO-90◦ specimen. Load direction =̂ 0◦.
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6.1.5 Fibers Randomly Oriented

Although the specimen in Figure 6.7 was extracted from a plate with 25 %

charge coverage, the fiber orientation data in Figure 6.8 reveal that there is
no principal fiber orientation and the fibers are randomly oriented (RO). As a
consequence, the fiber orientation state in this SMC specimen is referred to as
approximately planar isotropic.

(a) µCT cross section. (b) Fiber orientation.

Figure 6.7: Characterizing the microstructure of the RO specimen. In (a) a gray-value µCT cross
section and (b) the fiber orientation visualized by HSV color map.

(a) Fiber orientation histogram.

N =


0.44 −0.03 0.01

−0.03 0.55 0.00

0.01 0.00 0.01


{ex,ey,ez}

(b) Second-order fiber orientation tensor.

Figure 6.8: In (a) the fiber orientation histogram of the entire specimen and (b) the empirical
second-order orientation tensor N of the RO specimen. Load direction =̂ 0◦.
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6.1.6 Quantification of the Fiber Orientation State

The fiber orientation state of the examined SMC specimens is illustrated in Fig-
ure 6.9 based on the corresponding eigenvalues λi of the second-order fiber ori-
entation tensorN and the visualization scheme according to Cintra and Tucker
[256]. In this case the fiber orientation state is completely described by (any)
two eigenvalues ofN , since λ1 + λ2 + λ3 = 1 and 1 ≥ λ1 ≥ λ2 ≥ λ3 ≥ 0.
Figure 6.9 shows that λ3 is marginal for all four specimens, since the eigenval-
ues are located near the ideal planar orientation state. Consequently, there are
planar fiber orientation states in all four SMC microstructures.
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Figure 6.9: Illustrating the fiber orientation state of the four examined SMC specimens for in-situ
µCT testing according to the scheme by Cintra and Tucker [256].

In addition to the illustration in Figure 6.9 and the respective fiber orientation
histograms, the anisotropy of the fiber orientation distribution is quantified by
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using the coherence cw of the second-order fiber orientation tensor N . Ac-
cording to Jähne [257], the coherence cw is determined based on the first two
eigenvalues λ1,2 ofN by

cw =
λ1 − λ2
λ1 + λ2

. (6.1)

In case of a planar isotropic (or biaxial) fiber orientation distribution, λ1 is
equal to λ2 and as a result, the coherence cw becomes zero. If the first eigen-
value λ1 is one, all fibers are oriented in the same direction (ideal unidirectional
fiber orientation distribution) and the coherence cw becomes one. Table 6.1
lists the charge coverage, coherence and plate orientation of the examined spec-
imens. For the specimens with a distinctive fiber orientation, the principal fiber
orientation is determined based on the maximum of the respective fiber orien-
tation histogram.

Table 6.1: Summary of microstructure properties. Charge coverage, coherence, plate orientation
and principal fiber orientation of the examined SMC specimens.

Label Charge
coverage

Coherence
cw ofN

Plate orient. Principal
fiber orient.

HO-0◦ 50 vol.% 0.25 0◦ 4.0◦

HO-45◦ 25 vol.% 0.47 45◦ 45.4◦

HO-90◦ 50 vol.% 0.40 90◦ 78.5◦

RO 25 vol.% 0.13 45◦
planar
isotropic

As consistently quantified by the coherence cw in Table 6.1, the illustration in
Figure 6.9 and the fiber orientation histogram in Figure 6.8, the fibers within
the RO-specimens are oriented nearly planar isotropically. The fibers of the
SMC specimens HO-0◦, HO-45◦ and HO-90◦ are significantly more aligned,
with the HO-45◦ specimen having the highest degree of fiber alignment.
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6.1 Microstructure Characterization

6.1.7 Fiber Bundle Tracking

By applying the fiber bundle tracking and clustering methods, which are pre-
sented in Section 2.5.4, the SMC fiber bundle structure is analyzed. The cor-
responding results of the contribution by Schöttl et al. [242]∗ are presented in
this section. The fiber bundles within two different SMC specimens are tracked
and clustered. Figure 6.10 (a) shows the gray-scale µCT volumetric image and
Figure 6.10 (b) the identified fiber bundles, respectively. Trajectories of the
same fiber bundle are indicated by uniform colors. To visualize the identified
fiber bundle with a good contrast, the respective color of the fiber bundles is
selected randomly. In Figure 6.11 the fiber bundle tracking results of another
SMC specimen are illustrated. The identified fiber bundles within the marked
region in Figure 6.11 (b) are shown more detailed in Figure 6.12.

(a) µCT volumetric image. (b) Fiber bundles.

Figure 6.10: The (a) gray-value volumetric image acquired by µCT scanning and (b) the visual-
ized tracked and clustered fiber bundles (figures by Schöttl et al. [242]∗). Sample
No. 1 in Table 4.1.

The comparisons between the gray-scale µCT volumetric images in Figure 6.10
(a) and Figure 6.11 (a) and the visualized fiber bundles in Figure 6.10 (b) and
Figure 6.11 (b) reveal that the corresponding fiber bundles have been identified
accordingly by using the introduced fiber bundle tracking method. The fiber
bundle tracking results of both SMC samples were used to validate and discuss
the fiber bundle tracking method in the contribution [242]∗.
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(a) µCT volumetric image. (b) Fiber bundles.

Figure 6.11: Tracked and clustered fiber bundles within the in-situ µCT specimen HO-0◦. In (a)
the gray-value µCT volumetric image and (b) the visualized fiber bundles (figures by
Schöttl et al. [242]∗). Sample No. 2 in Table 4.1.

Figure 6.12: Close-up of the tracked and clustered fiber bundles within the marked region in
Figure 6.11 (b) (figure by Schöttl et al. [242]∗).

6.1.8 Fiber Bundle Curvature

The characterization results on fiber bundle curvature published in the contribu-
tion [118, 240]∗ are summarized in this section. As introduced in Section 3.1.5,
a weld line can be formed during the SMC molding filling process as a result of
clashing mold fronts. In this doctoral thesis the fiber bundle curvature around
and inside a weld line formation is investigated. Figure 6.13 (a) shows a rep-
resentative µCT cross section of the examined weld line. The tracked fiber
bundles are illustrated in Figure 6.13 (b) and the determined fiber bundle cur-
vature in Figure 6.13 (c). A statistical analysis of the mean and maximum
curvature orthogonal to the weld line is given in Figure 6.14.
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(a) µCT cross section. (b) Fiber bundle tracking. (c) Fiber bundle curvature.

Figure 6.13: Analyzing the SMC fiber bundle within a weld line region. In (a) the µCT cross
section, (b) the tracked fiber bundles and (c) the fiber bundle curvature (figures by
Schöttl et al. [240]∗). Sample No. 3 in Table 4.1.

Both, Figure 6.13 (c) and Figure 6.14 reveal that there are local curvature peaks
within the weld line region. Although the mean curvature distribution shows
only a slight peak within the weld line, the maximum curvature shows a sig-
nificant increase in this area. It can be concluded that only a few fiber bundles
within the weld bundle are strongly curved. This is also confirmed by Fig-
ure 6.13 (c).
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Figure 6.14: The mean and maximum curvature distribution orthogonal to the examined SMC
weld line (data by Schöttl et al. [240]∗).
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6.2 Experimental Damage Investigation

The details and results of the experimental in-situ µCT tests are given in this
section. Four SMC specimens with different microstructures are examined.
The test procedures are adapted accordingly to the specimen’s plate orientation
and microstructure.

6.2.1 Fibers Highly Oriented in Load Direction

Table 6.2 lists details of the performed in-situ µCT tests on a specimen ex-
tracted with a plate orientation of 0◦ to the MFD. As a consequence, the fiber
bundles within the specimen are highly oriented in load direction (HO-0◦), as
shown in Figure 6.2 (a). The maximal stress σN,max and stress relaxation ∆σN

in each load step indicate the propagating damage process during the in-situ
µCT test. The displacement u and nominal stress σN curves along the tests are
illustrated in Figure 6.15.

Table 6.2: Selected load step parameters of the respective in-situ µCT test examining the HO-
0◦ specimen. Furthermore, the measured nominal stress maximum σN,max and drop
∆σN of each load step (data by Schöttl et al. [241]∗).

Load step
Parameters Initial 1 2 3 4 Fracture

um mm - 1.1 1.4 1.7 2.0 -
∆u mm - ±0.1 ±0.1 ±0.1 ±0.1 -
N - - 100 100 100 100 -
f Hz - 0.067 0.067 0.067 0.067 -
σN,max MPa 19.4 160.5 192.7 209.8 227.9 231.7

∆σN MPa - −17.9 −29.8 −32.7 −39.0 -
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6.2 Experimental Damage Investigation

(a) Displacement u. (b) Nominal stress σN .

Figure 6.15: Four cyclic load steps are carried out. Initially and after each load step the specimen
is screened by means of µCT scanning. In (a) the displacement u and (b) the nomi-
nal stress σN curves along the in-situ test process are plotted (figure by Schöttl et al.
[241]∗).

The crack initiation and propagation within the HO-0◦ specimen is illustrated
by means of representative µCT cross sections. Figure 6.16 (a) presents the
schematic location of the µCT cross section in Figure 6.16 (b), where the ini-
tial microstructure is shown. Furthermore, detailed µCT cross section views
of the marked region in Figure 6.16 (b) are given in Figure 6.16 (c) to (f) for
the respective load steps. In the first load step a single crack is initiated, which
propagates during the second and third load step.
As shown in Figure 6.16 (f) in the fourth load step additional cracks are initi-
ated. The nominal stress data σN,max in Table 6.2 indicates, the HO-0◦ speci-
men fails immediately after the fourth load step. As a consequence, the µCT
cross section in Figure 6.16 (f) shows the damaged SMC microstructure just
before fracture.
This shows a damage development from a single crack to the formation of
multiple cracks in the progressive damage state. Furthermore, the µCT cross
sections in Figure 6.16 (c) to (f) of the corresponding load steps reveal that
cracks mainly occur in the matrix here.
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µCT cross
section

(a) µCT cross section. (b) Initial.

(c) Load step 1. (d) Load step 2. (e) Load step 3. (f) Load step 4.

Figure 6.16: The SMC damage evolution within the µCT cross section. In (b) the initial and (c)
to (f) the enlarged SMC microstructure after the respective load steps (figures by
Schöttl et al. [241]∗).

6.2.2 Fibers Highly Oriented Diagonal to the Load
Direction

The in-situ µCT test results of the SMC specimen which was extracted with
a 45◦ plate orientation are presented in this section. As shown by Figure 6.8,
the fibers are mostly oriented in 45◦ to the load direction (HO-45◦). Detailed
parameters of the in-situ µCT test are given in Table 6.3. The displacement
u and nominal stress curves σN along the in-situ µCT test are illustrated in
Figure 6.17.
Although five load steps are performed in total, damage is only observed within
the last two. Representative µCT cross section views of these two load steps are
given in Figure 6.18. As shown in Figure 6.18 (a), during the fourth load step a
single crack is initiated close to the plate surface, which propagates during the
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fifth load step and leads to fracture of the specimen. Both µCT cross sections
in Figure 6.18 (b) and (c) show the damaged microstructure after the fifth load
step at different locations within the specimen.

Table 6.3: Selected load step parameters of the respective in-situ µCT test examining the HO-
45◦ specimen. Furthermore, the measured nominal stress maximum σN,max and drop
∆σN of each load step.

Load step
Parameters Initial 1 2 3 4 5 Fracture

um mm - 0.60 0.75 0.90 1.05 1.20 -
∆u mm - ±0.05 ±0.05 ±0.05 ±0.05 ±0.05 -
N - - 100 100 100 100 100 -
f Hz - 0.2 0.2 0.2 0.2 0.2 -
σN,max MPa 8.2 70.0 92.2 112.2 130.3 142.6 152.5

∆σN MPa - −2.7 −1.9 −3.1 −6.3 −10.5 -

(a) Displacement u. (b) Nominal stress σN .

Figure 6.17: Five cyclic load steps are carried out. Initially and after each load step the speci-
men is screened by means of µCT scanning. In (a) the displacement u and (b) the
nominal stress σN curves along the in-situ test process are plotted.
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(a) Load step 4 (z = 0.34 mm). (b) Load step 5 (z = 0.34 mm).

(c) Load step 5 (z = 0.72 mm). (d) Fracture (z = 0.72 mm).

Figure 6.18: µCT cross sections of the damaged SMC microstructure with highly diagonally
oriented fiber bundles. The crack in (a) is initiated during the fourth load step close
to the surface. During the fifth load step the crack propagates in length (b) and width
(c). In (d) the fractured microstructure.

6.2.3 Fibers Highly Oriented Perpendicular to the
Load Direction

As given in Figure 6.6, the fibers within the analyzed sample in this section are
highly oriented at 90◦ to the load direction (HO-90◦). The in-situ µCT test pro-
tocol is adjusted accordingly for the HO-90◦ samples. Appropriate parameters
for the in-situ µCT test are shown in Table 6.4. In contrast to the µCT test on the
other samples, here the displacement amplitude ∆u and number of cycles per
load step N are selected to be rather small, since a significantly lower strength
is expected. The displacement and nominal stress data along the in-situ µCT
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test are illustrated in Figure 6.19. The sample fracture at a maximum nominal
stress of 91.9 MPa. Figure 6.20 shows corresponding µCT cross sections of
all three load steps. The µCT cross sections in Figure 6.20 (a) to (c) reveal
that there is no crack initiation and propagation observed by the µCT scanning
within these three load steps. The specimen fails close after the third load step,
whereby pseudo-delamination occurred at and close to the fracture surface, as
shown in Figure 6.20 (d). Although Figure 6.20 (c) shows the microstructure
close before fracture, no cracks are observed here.

Table 6.4: Selected load step parameters of the respective in-situ µCT test examining the HO-
90◦ specimen. Furthermore, the measured nominal stress maximum σN,max and drop
∆σN of each load step.

Load step
Parameters Initial 1 2 3 Fracture

um mm - 0.4 0.5 0.6 -
∆u mm - ±0.05 ±0.05 ±0.05 -
N - - 75 75 75 -
f Hz - 0.2 0.2 0.2 -
σN,max MPa 9.9 40.5 59.6 77.1 91.9

∆σN MPa - 0.0 −0.5 −0.4 -
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(a) Displacement u. (b) Nominal stress σN .

Figure 6.19: Three cyclic load steps are carried out. Initially and after each load step the speci-
men is screened by means of µCT scanning. In (a) the displacement u and (b) the
nominal stress σN curves along the in-situ test process are plotted.

(a) Load step 1. (b) Load step 2.

(c) Load step 3. (d) Fracture.

Figure 6.20: In (a) to (d) representative µCT cross sections. No cracks are observed during the
three load steps. The HO-90◦ specimen fractures right after the third load step.
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6.2.4 Fibers Randomly Oriented

In addition to samples in which the fiber bundles are highly oriented, also a
SMC specimen with a random or planar isotropic fiber distribution is exam-
ined, as shown in Figure 6.8. The selected parameters of the in-situ µCT test
are listed in Table 6.5. Similar to the HO samples, the test parameters are
adapted accordingly to the microstructure in order to examine the damage in
detail. The sample with randomly oriented fibers (RO) fractured at a maximum
nominal stress of 170.5 MPa. Figure 6.22 (a) to (d) show representative µCT
cross sections of the four load steps. The µCT cross sections reveal where crack
initiation and propagation on the microstructural level occurs. In the upper left
area, there is a cavity, which already existed at the beginning of the test, as
shown in Figure 6.23 (a). The µCT cross section in load step three and four
show a crack is initiated at the tip of this cavity.

Table 6.5: Selected load step parameters of the respective in-situ µCT test examining the RO
specimen. Furthermore, the measured nominal stress maximum σN,max and drop
∆σN of each load step.

Load step
Parameters Initial 1 2 3 4 Fracture

um mm - 0.7 0.9 1.1 1.3 1.5

∆u mm - ±0.1 ±0.1 ±0.1 ±0.1 ±0.1

N - - 75 75 75 75 75

f Hz - 0.1 0.1 0.1 0.1 0.1

σN,max MPa 17.3 69.3 100.5 127.8 151.9 170.5

∆σN MPa - −3.0 −4.8 −5.6 −8.6 −8.8
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Together with the crack at the cavity tip, another crack is formed in the lower
left region of Figure 6.22 (c) during the third load step. Furthermore, during
the fourth load step here additional cracks are formed, as illustrated in Fig-
ure 6.22 (d). The cracks run through almost the entire RO specimen, whereby
they are occur to be matrix cracks and fiber bundles do not fracture. During the
fourth load step, no significant crack propagation of the crack at the cavity tip
is observed in Figure 6.22 (d).
The RO specimen fails while scanning after the fifth load step and in addition to
the µCT cross sections in Figure 6.22, Figure 6.23 (b) shows the microstructure
after fracture. The µCT cross section illustrates that the final fracture occurred
close to the notch center. Figure 6.23 (b) reveals that the cracks in the lower
left region lead finally to the failure of the RO specimen and not the cavity or
the crack at the cavity tip in the upper left region.

(a) Displacement u. (b) Nominal stress σN .

Figure 6.21: Five load steps are carried out. Initially and after each load step the specimen is
screened by means of µCT scanning. In (a) the displacement u and (b) the nominal
stress σN curves through the in-situ test process are plotted.
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(a) Load step 1. (b) Load step 2.

(c) Load step 3. (d) Load step 4.

Figure 6.22: The damage propagation within the RO specimen. In (a) to (d) the SMC microstruc-
ture after the respective load steps. The µCT cross section reveal the crack initiation
and propagation within the microstructure, in particular at the tip of a cavity.

(a) Initial (b) Fracture

Figure 6.23: µCT cross section of the (a) initial and (b) fractured RO sample, in which fiber bun-
dle breakage, pull-out and matrix fragmentation occurred.
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6.3 Damage Segmentation

In this work several methods to segment crack regions within volumetric im-
ages are introduced. The results of those image processing methods are pre-
sented in this section. The content of this section refers mainly to the publica-
tions of Schöttl et al. [241, 243]∗.

6.3.1 Seed-Region-Growth Segmentation

For a reliable segmentation of objects like cracks a sufficient contrast between
the cracks and the surrounding material is necessary [65, 72]. In case of µCT
scanning and SMC, the X-ray attenuation of the glass fibers, UPPH matrix and
cracks are decisive. In a first approximation the attenuation of glass fibers,
UPPH matrix and cracks (or air) are determined based on the mass attenuation
values in Table 2.1 and the mass densities in Table 3.3 and Table 3.4, respec-
tively.
Mass attenuation properties of glass fibers and UPPH matrix are not available
in the data base of Hubbell and Seltzer [61] and others. Since silicon dioxide
(SiO2) is the main component of e-glass fibers [48], for a simple estimation
the mass attenuation of e-glass is assumed to be equal to that of quartz. Due
to similar chemical composition, the mass attenuation values of various poly-
mers in Table 2.1 are about the same. For this reason and the similar chemical
thermoset structure, the X-ray mass attenuation of the UPPH matrix is approx-
imated by those of Bakelite.
The in-situ µCT test are carried out in a laboratory environment. It is assumed
that the gray-value of cracks is estimated by the X-ray attenuation value of dry
air at laboratory conditions. Based on that assumption the X-ray attenuation
quantities of the respective components are calculated by
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µGlass fiber = ρGlass fiber · µm,Quartz = 0.68 1/cm, (6.2)

µUPPH = ρUPPH · µm,Bakelite = 0.22 1/cm, (6.3)

µCrack = ρAir · µm,Air = 0.23 · 10−3 1/cm, (6.4)

with the properties introduced in Table 2.1, Table 3.3 and Table 3.4:

µm,Quartz = 0.26 cm2
/g – Quartz mass attenuation

µm,Bakelite = 0.19 cm2
/g – Bakelite mass attenuation

µm,Air = 0.19 cm2
/g – Air mass attenuation (dry, sea level)

ρGlass-fiber = 2.60 g/cm3 – Glass-fiber mass density
ρUPPH = 1.15 g/cm3 – UPPH mass density
ρAir = 1.20 · 10−3 g/cm3 – Air mass density (dry, sea level, 20 ◦C)

The results reveal that the estimated X-ray attenuation of UPPH is approxi-
mately 103-times higher than those of cracks or air. Furthermore, glass fibers
have a X-ray attenuation that is approximately three-times higher than those of
the UPPH matrix. As a result, there is a clear contrast in µCT scans between
cracks and the surrounding SMC material, as well as between the UPPH matrix
and the glass fibers.
Cracks within the volumetric images are segmented by using the SRG segmen-
tation method by Adams and Bischof [96] introduced in Section 4.2. Repre-
sentative results are presented here. In the upper row of Figure 6.24 µCT cross
sections of cracks within the HO-0◦ specimen are shown (c.f. Figure 6.16 (c)
to (f)). The segmented cracks by means of the SRG method are illustrated cor-
respondingly in the lower row. Here, black indicates the background and white
the segmented cracks. In addition to these cross sections, the segmented cracks
are three-dimensionally visualized in Figure 6.25.
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(a) Load step 1 (b) Load step 2 (c) Load step 3 (d) Load step 4

Figure 6.24: Crack segmentation by means of the SRG method. In the upper row gray-scale µCT
cross sections of the HO-0◦ specimen and below the corresponding binary images,
in which the cracks are segmented (white) (data by Schöttl et al. [241]∗).

(a) Load step 1 (b) Load step 2

(c) Load step 3 (d) Load step 4

Figure 6.25: 3D-visualization of the segmented cracks together with the microstructure (transpar-
ent) for all four load steps of the HO-0◦ specimen (figures by Schöttl et al. [243]∗).
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6.3.2 Digital Volume Correlation

Through applying the DVC technique and providing volumetric images of the
initial and deformed specimen, the displacement and deformation field on the
microstructural level between these two states are determined. In this doc-
toral thesis the DVC method provided by VGSTUDIO MAX 3.4 from Volume
Graphics is used. The SMC specimen with highly oriented fibers diagonal to
the tensile load direction (HO-45◦) in Figure 6.18 is studied through DVC and
the results are presented in this section. Here, the initially acquired volumetric
image and those after the fifth load step of the in-situ µCT test are correlated.
Figure 6.26 shows representative µCT cross sections of the corresponding ini-
tial and deformed microstructures. Large absolute values of the difference vol-
ume indicate a local loss of correlation. This is mainly due to ambiguity and
singularity phenomena of the displacement field, which are caused by the for-
mation of cracks, as introduced in Section 4.2.2.

(a) Initial microstructure. (b) Deformed microstructure.

Figure 6.26: Required input data for DVC including volumetric images of the initial and de-
formed specimen. Corresponding gray-scale µCT cross section of the (a) initial and
(b) deformed microstructure. Formation of a crack with a large crack opening.

Figure 6.27 illustrates the µCT cross section and DVC results inside the marked
region in Figure 6.26 (b), where a single crack with a large crack opening is
formed. The DVC method indicates cracks not directly from the volumetric
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image data but indirectly based on the difference volume data. The DVC re-
sults are referred to the deformed microstructure and high difference volume
values indicate the formation and location of cracks. As a consequence, the
comparison of the cracked microstructure in Figure 6.27 (a) and the difference
volume data in Figure 6.27 (b) reveal, that high absolute difference volume
values occur at the crack formation.
From the DVC data not only cracks can be identified but also the strain fields
can be analyzed. In addition to the identification of crack regions also the strain
field around those cracks is analyzed by means of the DVC method. Introduc-
ing the von Mises strain εvM as a scalar equivalent strain quantity by

εvM =
2

3

√
(εxx − εyy)2 + (εyy − εzz)2 + (εzz − εxx)2 + 6(ε2xy + ε2yz + ε2zx)

2
,

(6.5)
where εij with i, j = {x, y, z} are the entries of the strain tensor ε. Fig-
ure 6.27 (c) illustrates the von Mises strain field around the crack. Here, close
to the crack the local von Mises strain values are high and decrease with in-
creasing distance. The measured von Mises strain values inside the cracks is a
DVC artifact, since no strain is applied to any solid here.

(a) Gray-scale µCT image. (b) Difference volume. (c) von Mises strain.

Figure 6.27: Illustration of the DVC results inside the marked region in Figure 6.26 (b). Identify-
ing the crack by means of the difference volume in (b) and illustrating the von Mises
strain field around the crack in (c).
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In addition, the crack in Figure 6.27 with a large crack opening, also different
crack formation phenomena are examined further. Figure 6.28 shows the µCT
cross section and DVC results, where a crack within a fiber bundle is formed.
Although, the crack opening is rather small here, the difference volume data
in Figure 6.28 (b) reveal a significant contrast. Since the crack opening is
small, also the resulting impact on the von Mises strain field around crack in
Figure 6.28 (c) is rather marginal, but clearly visible.

(a) Gray-scale image. (b) Difference volume. (c) von Mises strain.

Figure 6.28: Examining a single crack inside a fiber bundle. In (a) the µCT cross section, (b)
difference volume and (c) von Mises strain field determined by means of DVC.

Furthermore, a crack that is mainly embedded within the matrix material is an-
alyzed by means of DVC in Figure 6.29. Here the crack opening and length are
large compared to the crack in Figure 6.28. However, the difference volume
contrast between the crack and the surrounding in Figure 6.29 (b) is rather poor
due to the less distinctive fiber architecture pattern around the crack which is
required for precisely applying the DVC method.
Figure 6.29 (c) illustrates the determined von Mises strain field around the ma-
trix crack with respect to the DVC resolution. Around the crack a von Mises
equivalent strain value between 4 % to 6 % of the surrounding matrix is reached.
Here, the DVC resolution with regard to the control point spacing must be taken
into account.
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(a) Gray-scale image. (b) Difference volume. (c) von Mises strain.

Figure 6.29: Illustration of a matrix crack in (a) and the corresponding DVC results regarding the
difference volume in (b) and von Mises strain field around the crack in (c).

In addition to the cross section views, the segmented cracks by means of the
DVC methods are also visualized three-dimensionally in Figure 6.30. Here, the
cracks are segmented based on a absolute difference volume threshold of 0.9.
Since the difference volume depends directly on the volumetric image gray-
values and consequently, on the examined material system and µCT scanning
process a general selection is not appropriate and should be selected individu-
ally for further applications.

Figure 6.30: 3D-visualization of the indicated cracks within the HO-45◦ specimen after the fifth
load step by using the DVC method. Cracks are segmented by selecting an absolute
difference volume threshold of 0.9.
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6.3.3 Convolutional Neural Network

In order to apply a CNN model, the architecture has to be properly trained in
the first place. In this work, the trainable parameters of the U-Net architecture
are optimized, as introduced in Figure 2.25. Details of the training process and
the U-Net architecture are given in Table 4.3. Based on training and valida-
tion data sets the performance of the U-Net architecture is monitored during
the training process in Figure 6.31. The crack segmentation capability of the
trained U-Net model is evaluated by different metrics. Table 6.6 lists the finally
achieved accuracy, precision, recall and F-measure metrics. The recall values
are higher than those of the precision which indicates slight over estimation of
the segmented cracks. Overall, the metric values show a good performance of
the trained U-Net model.
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Figure 6.31: Monitoring the training progress of the U-Net architecture by means of the loss
value. Loss value distribution of the training and validation data set.

After the U-Net architecture is properly trained as shown by the training and
validation data set in Table 6.6, the capability of the U-Net model is evaluated
based on the separate test data set. Two exemplary input images, correspond-
ing ground truth and predictions by the U-Net are shown in Figure 6.32. The
returned prediction images are further binarized in order to segment cracks and
background.
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Table 6.6: Evaluating the trained U-Net performance by different metrics and data sets.

Metric Training Validation Testing

Accuracy 92.70 % 98.30 % 98.68 %

Precision 86.35 % 86.08 % 86.31 %

Recall 99.23 % 98.99 % 99.14 %

F-Measure 92.34 % 92.08 % 92.28 %

Segmenting cracks within the large-scale volumetric images of the RO spec-
imen acquired after the fourth load step (c.f. Figure 6.22). Figure 6.33 (a)
illustrates a representative µCT cross section view and (b) the corresponding
U-Net prediction results. Here, cracks are indicated in white and background
in black. Comparing both images in Figure 6.33 demonstrates the good perfor-
mance of the U-Net model to segment cracks.

(a) Input image. (b) Ground truth. (c) Prediction. (d) Prediction (≥ 0.5).

(e) Input image. (f) Ground truth. (g) Prediction. (h) Prediction (≥ 0.5).

Figure 6.32: Testing the trained U-Net Model. Exemplary input images, ground truth, prediction
and binary prediction (background in black and labeled cracks in white). The image
size is 96 pixels × 96 pixels and the voxel size 6.1− 7.0 µm.
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6.3 Damage Segmentation

(a) Gray-scale µCT cross section. (b) U-Net prediction.

Figure 6.33: Segmenting cracks within a large-scale volumetric image by means of the trained
U-Net model. In (a) an exemplary µCT cross section and in (b) the crack prediction
result by the U-Net model, where cracks are indicated by white and background
in black. The volumetric image was obtained after the fourth load step of the RO
specimen, presented in Figure 6.22.

In addition to Figure 6.33, the segmented cracks are visualized spatially for
the load steps four of specimen RO in Figure 6.34. The segmented cracks are
shown in green together with the microstructure, which is illustrated transpar-
ently and provides a spatial impression of formed cracks.

Figure 6.34: 3D-visualization of the segmented cracks within the RO specimen after the fourth
load step by means of the U-Net model.
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6.4 Damage Characterization

The obtained crack segmentation data in Section 6.3 are further processed by
applying the methods described in Section 4.2, in order to examine the cracked
microstructure in detail. Different methods and approaches to characterize and
quantify various aspects of damage are introduced in Section 4.3. The de-
termined results of the respective damage characterization methods are intro-
duced in this section. The presented results mainly refer to the contributions
by Schöttl et al. [241, 243]∗.

6.4.1 Crack Orientation Tensor

In composite materials with heterogeneous microstructure, cracks usually oc-
cur in irregular patterns. To characterize the damage anisotropy, the local crack
normal vectors g are determined by using the introduced image processing
method from Section 4.3.1. Based on the obtained crack orientation data the
empirical crack orientation tensorD in Equation 4.13 is then calculated to de-
scribe the crack orientation distribution compactly.
Based on the crack segmentation results in Figure 6.24, the spatial crack ori-
entation of the SMC specimen with a HO-0◦ microstructure is examined. Ta-
ble 6.7 lists the resulting crack orientation histograms and crack orientation
tensorsD of all four load steps, respectively. The crack orientation histograms
reveal there is a similar crack orientation distribution for the first to third load
step, where the majority of crack normal vectors are oriented along the tensile
load direction. Accordingly, the crack orientation tensor D of the correspond-
ing three load levels are also similar and the largest entry is Dyy , where ey
marks the tensile load direction. Close before fracture of the HO-0◦ specimen
in the fourth load step, the principal crack orientation changes approximately
by 30◦, as shown by the crack orientation histogram. This change is also indi-
cated accordingly by the respective crack orientation tensorD.

164



6.4 Damage Characterization

Table 6.7: Characterizing the spatial damage anisotropy of the in-situ µCT tested HO-0◦ speci-
men in Figure 6.16. Crack orientation histogram and crack orientation tensor D of the
respective load steps (data by Schöttl et al. [243]∗).

Load step Crack orientation histogram
tensile load direction =̂ 0◦

Crack orientation tensorD
in {ex, ey, ez}

1

 0.10 −0.05 0.00

−0.05 0.81 −0.01

0.00 −0.01 0.09



2

 0.10 −0.02 0.01

−0.02 0.80 −0.01

0.01 −0.01 0.10



3

 0.10 −0.02 0.00

−0.02 0.82 −0.01

0.00 −0.01 0.08



4

0.17 0.20 0.07

0.20 0.64 0.16

0.07 0.16 0.19


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Additionally to the HO-0◦ specimen, the crack orientation distribution of the
HO-45◦ and RO specimens during the final load step are characterized. Ta-
ble 6.8 presents the crack orientation histograms and the crack orientation ten-
sors D, respectively. In case of the HO-45◦ specimen the results reveal a sim-
ilar crack orientation distribution of those in the HO-0◦ specimen during the
final load step. As a consequence, the entries of the crack orientation tensors
D are similar as well.
In contrast to the HO-0◦ and HO-45◦ specimens, the RO specimen shows a
wider crack orientation distribution, where the majority of cracks are oriented
within about ±20◦ to the tensile direction. Accordingly, Dyy is the largest
entry of the crack orientation tensorD, with ey marking the tensile direction.

Table 6.8: Analyzing the spatial damage anisotropy of the HO-45◦ and RO specimens during the
final load step of in-situ µCT test. Crack orientation histogram and crack orientation
tensor D, respectively.

Specimen Crack orientation histogram
tensile load direction =̂ 0◦

Crack orientation tensorD
in {ex, ey, ez}

HO-45◦

0.16 0.19 0.00

0.19 0.68 0.02

0.00 0.02 0.16



RO

 0.07 −0.01 0.01

−0.01 0.81 0.01

0.01 0.01 0.12


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6.4 Damage Characterization

6.4.2 Crack Volume Fraction

In addition to the crack orientation distribution, the crack volume fraction ρCrack

introduced in Section 4.3.3 quantifies the total damage propagation along the
in-situ µCT test. The crack volume fraction results in this doctoral thesis are de-
termined based on the crack segmentation results obtained by the SRG method.
In order to investigate the relationship between microstructure and damage be-
havior, the crack volume fraction distributions of the SMC specimens with RO,
HO-0◦ and HO-45◦ are examined. Since no cracks were observed and seg-
mented within the HO-90◦ specimen by the in-situ µCT test, no crack volume
data could be evaluated.
Figure 6.35 (a) illustrates the crack volume fraction ρCrack initial and after all re-
spective load steps. In addition, the crack volume fraction data are normalized
in the way that ρCrack, Initial = 0 to eliminate initial artifacts. In Figure 6.35 (b)
the normalized crack volume fraction data are shown accordingly.
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(a) Crack volume.
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(b) Norm. crack volume fraction.

Figure 6.35: Measuring the crack and damage accumulation. In (a) the crack volume and (b) the
normalized crack volume fraction distribution ρCrack initial and after all respective
load steps.
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In case of the RO and HO-0◦ specimens, initially in the first load steps the
normalized crack volume fraction increases evenly and subsequently, in the last
load step it rises sharply. The crack volume data in Figure 6.35 (a) reveal that
there are cavities within the RO sample, which lead to an off-set of the crack
volume data. This off-set is eliminated by the normalization in Figure 6.35 (b).
In contrast to those two samples, the HO-45◦ specimen shows a different dam-
age behavior. Here, the crack volume fraction is initially smaller and only
increases during the final load step. However, the crack volume here is still
significantly lower than that of the other two specimens. Since the specimen
failed immediately after the last load step, the crack volume fraction quantifies
the total damage state close before fracture.
The in-situ µCT test is performed displacement controlled and individual pro-
tocols are applied for the examined samples. To investigate the relationship
between applied stress and damage development, Figure 6.36 shows the nor-
malized crack volume data together with the maximum nominal stress of the
respective load steps. Here, a consistent linear increase of the normalized crack
volume for the RO and HO-0◦ samples is revealed.
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Figure 6.36: Crack volume fraction ρCrack over maximum nominal stress σN,max of the respec-
tive load steps. Comparison between SMC specimens with different microstructures.
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6.4.3 Damage Classification

Similar to the previous damage characterization, the method to classify and
quantify the damage mechanisms introduced in Section 4.3.4 is applied to the
in-situ µCT results in Section 6.2. The method combines crack and microstruc-
ture analysis data to determine the damage nature. As input for the damage
classification method fiber orientation data n, crack segmentation results and
crack orientation data g are required.
In this doctoral thesis, the proportion by volume of matrix cracking, pseudo-
delamination and fiber breakage are examined for three SMC samples with
different microstructures, where the fibers are HO-0◦, HO-45◦ and RO with
respect to the tensile load direction. The HO-90◦ specimen was not analyzed
since here no cracks are observed and segment within the acquired volumetric
images.
Table 6.9 lists the quantified damage mechanism proportions during the final
load step of the in-situ µCT procedure for three samples. The resulting data
show that the damage mechanisms occur similarly in all three specimens and
that matrix cracking is the dominant case. Pseudo-delamination an fiber break-
age occur to an equal degree of insignificance.

Table 6.9: Quantifying the damage mechanisms for three SMC samples with HO-0◦, HO-45◦

and RO microstructures. The damage mechanism fractions are quantified for the re-
spective samples during the final in-situ µCT load step.

Damage mechanism fractions
Matrix cracking Pseudo-delamination Fiber breakage

ρI ρII ρIII

HO-0◦ 92.3 % 4.0 % 3.7 %

HO-45◦ 90.8 % 3.8 % 5.4 %

RO 94.1 % 2.0 % 3.9 %
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Furthermore, the change of the damage mechanism fractions within the HO-0◦

specimen is investigated over the course of the in-situ µCT test. Figure 6.37 (a)
shows the proportion of the three damage mechanisms for all respective load
steps. The results reveal that there is only a slight change of the damage mech-
anism fractions and that matrix crack is predominate from crack initiation until
fracture. Figure 6.37 (a) illustrates the proportion of the three damage classes
to each other regarding all load steps individually but not in the context of total
damage propagation through the entire in-situ µCT test. In order to visualize
the three damage mechanism fractions together with the total damage state,
the damage mechanism distributions in Figure 6.37 (b) are scaled by the nom-
inal crack volume fraction distribution in Figure 6.35 (b). The curves show
the increasing impact of matrix cracks on the damage behavior along the load
steps.
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Figure 6.37: Propagation and development of the damage mechanisms during the in-situ µCT
test. Examining the proportion of matrix cracking, pseudo-delamination and fiber
breakage within the SMC sample with HO-0◦ microstructure.
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6.5 Fractography

Supplementary to the in-situ µCT measurements and the damage characteriza-
tion methods, the fracture surfaces of the corresponding SMC specimens are
examined by using SEM. Due to the different microstructures of the analyzed
samples, various failure phenomena are examined at the fracture surface. In
this section, the fracture surfaces of representative specimens and sections are
examined. Details and operation parameters of the SEM measurements are
presented in Section 5.5.

6.5.1 Fibers Highly Oriented in Load Direction

Overviews and detailed images of selected regions for both fracture surfaces
are acquired by means of SEM. Figure 6.38 presents SEM images of both frac-
ture surfaces of the HO-0◦ specimen. Two locations are marked where at loca-
tion 1) fiber bundle breakage and at location 2) fiber bundle pull-out occurred.
Detailed SEM images of the broken fiber bundle at region 1) are illustrated in
Figure 6.39. The enlarged SEM images are marked accordingly by colored
frames. An even more detailed view of the location marked in Figure 6.39 (a)
is given in Figure 6.40. The SEM images show broken and partially pulled
out fiber filaments. Around the broken fiber bundle, there is a smooth fracture
surface of the matrix.
Additionally to fiber bundle breakage, fiber bundle pull-out occurred at loca-
tion 2) marked in Figure 6.38. Corresponding close-up SEM images of both
fracture surfaces are given in Figure 6.41. Figure 6.41 (a) shows the remaining
matrix gap and Figure 6.41 (b) the pulled-out fiber bundle.
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(a) Fracture surface A. (b) Fracture surface B.

Figure 6.38: Overview of the both fracture surfaces of the HO-0◦ specimen. Two locations are
marked were at 1) fiber bundle breakage and at 2) fiber bundle pull-out is observed.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.39: Close-up of the region 1) in Figure 6.38 (a) and (b) of the HO-0◦ specimen. The
SEM images in (a) and (b) show broken and partially pulled-out fibers.

Figure 6.40: Fracture surface A of the HO-0◦ specimen. Close-up of the marked region in Fig-
ure 6.39 (a). The SEM image shows broken and slightly pulled-out fiber filaments.
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6.5 Fractography

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.41: Detailed SEM images of the pulled-out fiber bundle at location 2) in Figure 6.40.
The SEM image (a) shows the remaining matrix material and (b) the pulled-out fiber
bundle on the fracture surface of the HO-0◦ specimen.

6.5.2 Fibers Randomly Oriented

The fracture surfaces of the failed RO specimen in Figure 6.23 (b) are ana-
lyzed in this section. The SEM images in Figure 6.42 illustrate both fracture
surfaces. Here, two regions are highlighted, which are examined in detail. The
first region 1) reveals a pulled-out fiber bundle and the corresponding matrix
gap. Detailed SEM images of that region are presented in Figure 6.43. In Fig-
ure 6.42 a second region 2) where fiber bundle breakage occurred is analyzed.
Figure 6.44 shows the fractured fiber bundle and remaining fibers. In both
SEM images a smooth and clean matrix fracture surface around the broken
fiber bundle is revealed. In addition, the marked regions in Figure 6.44 are in-
vestigated in more detailed. Close-up SEM images of those regions are shown
in Figure 6.45. Figure 6.45 (a) shows fractured and partially pulled-out fibers.
A matrix fragment with periodic groove pattern is observed in Figure 6.45 (b).
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(a) Fracture surface A. (b) Fracture surface B.

Figure 6.42: Overview of both fracture surfaces A and B. Two highlighted regions of the RO
specimen are examined in detail.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.43: Pulled out fiber bundle and remaining matrix gap. Close-up SEM images of the
marked regions in Figure 6.42 at location 1) of the RO specimen.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.44: Close-up SEM images of fiber bundle breakage and matrix fragments within the
regions marked in Figure 6.42 at location 2) of the RO specimen.
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(a) Fracture surface A. (b) Fracture surface B.

Figure 6.45: Fiber bundle breakage and matrix fragments. Close-up SEM images of the marked
regions in Figure 6.44 of the RO specimen.

6.5.3 Fibers Highly Oriented Perpendicular to the
Load Direction

Examining the fracture surfaces of the SMC sample with HO-90◦ microstruc-
ture. Figure 6.46 presents overview SEM images of both fracture surfaces.
Three matching regions that are highlighted by red boxes are investigated in
detail.
A pulled-out fiber bundle is shown in Figure 6.47 (b) and the corresponding
matrix outbreak in Figure 6.47 (a). The smooth and straight surface fragments
around the pulled-out fiber bundle are shaped to match.
Figure 6.48 presents the fracture surface regions, where fiber bundle breakage
and partially pull-out occurred. Furthermore, the SEM images reveal a smooth
and straight fracture surface of the matrix around the fibers.
The SEM images in Figure 6.49 reveal periodic matrix grooves on both frac-
ture surfaces. In addition, pulled-out fiber bundles, that are aligned along the
fracture surface and the matching matrix pattern are observed. In Figure 6.50
the marked regions in Figure 6.49 with periodic grooves are observed in more
detail. The SEM images show matching matrix fragments with smooth and
straight surfaces.
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(a) Fracture surface A.

(b) Fracture surface B.

Figure 6.46: Overview of both fracture surfaces A and B. The HO-90◦ specimen was extracted
with a plate orientation of 90◦.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.47: Close-up SEM images of a pulled out fiber bundle in Figure 6.46 at location 1),
which is aligned along the fracture surface. Furthermore, the SEM image shows
matching matrix fracture contours in both fracture surfaces of the HO-90◦ speci-
men.
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(a) Fracture surface A. (b) Fracture surface B.

Figure 6.48: Close-up SEM images of partial pulled out and broken fibers. The fibers are embed-
ded by a matrix region with a smooth fracture surface. The region of the close-up
SEM images is illustrated in Figure 6.46 at location 2) of the HO-90◦ specimen.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.49: Close-up SEM images of the HO-90◦ specimen at marked regions in Figure 6.46 at
location 3) show the matrix fracture surfaces with periodic grooves.

(a) Fracture surface A. (b) Fracture surface B.

Figure 6.50: Detailed SEM images of the marked regions in Figure 6.49. The SEM images show
periodic the groove pattern in detail. On the left side, the SEM images reveal match-
ing matrix fragments on both fracture surfaces of the HO-90◦ specimen.
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7 Discussion

This section summarizes and links the methods and results presented in this
doctoral thesis. Furthermore, the obtained scientific insights are discussed in
context of state-of-the-art literature.
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7 Discussion

7.1 Microstructure Characterization

In general, the microstructure of fiber-reinforced composites significantly af-
fects the mechanical behavior on the micro and macro scale. When charac-
terizing fiber-reinforced composites taking the microstructure into account is
essential for a comprehensive understanding of the mechanical behavior. The
developed characterization methods and obtained results in this work are dis-
cussed in this chapter with context to state-to-the-art.

7.1.1 Fiber Orientation

State-of-the-art image processing methods for analyzing the fiber architec-
ture of fiber-reinforced polymers based on µCT scans have been published by
several authors [106–108, 110]. In this doctoral thesis the image processing
method by Pinter et al. [107] is applied. Central feature of this method is the
use of the structure tensor introduced by Krause et al. [108] to determine the
local orientation of fibers. The method is validated and discussed in the contri-
butions by Pinter et al. [90, 91, 107].
The fiber orientation states of the SMC samples which were further examined
by means of in-situ µCT testing are characterized in Section 6.1. As illustrated
by the visualization scheme according to Cintra and Tucker [256] in Figure 6.9,
there are planar fiber orientation states in all specimens, which was to be ex-
pected since all these specimens were cut from compression molded SMC plate
material.
The samples were extracted with different plate orientations regarding the
MFD. As shown by the fiber orientation histograms in Figure 6.2, Figure 6.4
and Figure 6.6, the fibers within these three samples are highly oriented ac-
cording to the MFD (HO-0◦, HO-45◦ and HO-90◦). Consequently, the corre-
sponding coherence value of these specimens in Table 6.1 is higher compared
to that of the specimen with randomly oriented (RO) fibers. Where the HO-
0◦ specimen has the lowest coherence value and hence, the lowest degree of
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fiber alignment of these three HO specimens. Furthermore, the principal fiber
orientations in Table 6.1 which are determined based on the fiber orientation
histogram maximum show a good agreement with the MFD.
The fibers within the RO sample are randomly oriented as illustrated by the
fiber orientation histogram in Figure 6.8. Although this sample was extracted
from a SMC plate with 25 % charge coverage, the fiber distribution is consid-
ered to be planar isotropic. In addition to the fiber orientation histogram in
Figure 6.8, this assumption is confirmed by the low coherence value in Ta-
ble 6.1.
As revealed by Chen and Tucker [204] as well as Jackson et al. [103] decreas-
ing charge coverage leads to increasing fiber orientation alignment. A con-
sistent trend is observed for the SMC samples studied in this work, where the
HO-45◦ specimen shows the most aligned fiber orientation state with the small-
est charge coverage of 25 %; however, the RO specimen is an exception here.
All four SMC specimens were extracted from the flow region of the respective
SMC plates.

7.1.2 Fiber Bundle Tracking

The presented fiber bundle tracking method in Section 4.1.2 is also validated
and discussed in the contribution of Schöttl et al. [242]∗. Key aspect of the
fiber bundle tracking approach is the iterative proceeding along the step-wise
highest probability. The tracking method adapts the fundamental approach by
Tournier et al. [123, 124] from medical to material science.
In the contribution of Pinter et al. [110], individual fiber filaments are identified
by using the circular voting filter and µCT scanning. Here, the voxel size of
the volumetric images is 3 µm. As a consequence of the high image resolution,
which is required for the single fiber tracking, the overall examined sample
size is limited, as illustrated in Figure 2.11. Through applying the presented
method, fiber bundles instead of fiber filaments are tracked and consequently,
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µCT scans with a voxel size up to 9.05 µm can be used. As a result, the µCT
related conflict between image resolution and size of the studied microstructure
is reduced.
Besides SMC, there is a wide range of fiber-reinforced composites where fibers
are arranged as bundles or rovings. The authors Straumit et al. [129] and
Bhattacharya et al. [128] tracked and analyzed the carbon fiber bundles in
woven composites. Here both authors make use of the fact, that fiber bundles
within woven composites are arranged in a structured way. Moreover, as a
result of the periodically arranged microstructure, the number of fiber bundles
within a periodic cell can be calculated and utilized for clustering.
As introduced in Section 3.1.1, fiber bundles are chopped and randomly ori-
ented during the manufacturing process of the semi-finished SMC. For this
reason, the fibers within SMC materials are arranged as fiber bundles, but the
orientation and arrangement are to some extent randomly determined, as il-
lustrated in Figure 3.7. Although the fiber bundles in this work are tracked
using a similar method introduced by the authors Mori et al. [122, 127] and
applied by Bhattacharya et al. [128], the clustering process of fiber bundles
is decidedly more complex compared with woven composites, due to the ran-
domly oriented microstructure of SMC. Furthermore, the SMC microstructure
is generally non-periodic, making periodic assumptions for woven composites
inapplicable here.

7.1.3 Fiber Bundle Curvature

In this doctoral thesis the curvature of fiber bundles in and around a weld line
formation are characterized based on the method introduced in Section 4.1.3.
The method and results on fiber bundle curvature are presented and discussed
previously in the contribution by Schöttl et al. [240]∗.
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The fiber bundle curvature is determined and analyzed based on the fiber bun-
dle tracking results illustrated in Figure 6.13 (b). Figure 6.14 shows the cur-
vature distribution along the examined weld line. In the weld line region, the
maximum curvature reaches a peak value of 1.65 mm−1, with only a minimal
increase of the mean curvature. From these curvature data and Figure 6.13 (c),
it can be concluded that only a few fiber bundles were strongly curved within
the weld line. This is confirmed by the local fiber bundle curvature results in
Figure 6.13 (c), where most of the fiber bundles show a local curvature below
0.75 mm−1 and there are only a limited number of strongly curved fiber bun-
dles with a local curvature above 1.25 mm−1. Furthermore, Figure 6.13 (c)
illustrates that all these strongly curved fiber bundles are located within the
weld line.
The obtained data on the fiber bundle curvature are utilized in the contribution
of Meyer et al. [118]∗ to validate a process simulation model, that directly pre-
dicts the fiber bundle deformation through the compression molding process.
Both results of the fiber bundle tracking and process simulation show a good
agreement in terms of the fiber bundle curvature.
The evaluation of fiber bundle curvature in this work demonstrates the applica-
bility of the fiber bundle tracking method in order to analyze SMC microstruc-
tures. Furthermore, it is shown that both local and statistical analysis of the
curvature data can be performed.

7.2 Experimental Damage Investigation

Central element of the experimental damage investigation in this work is the
in-situ µCT testing. The lean design of the load frame in Figure 5.3 enables to
place the mechanical testing setup close to the focus point of the µCT scanner.
As a consequence, high-resolution volumetric images of the SMC microstruc-
tures are acquired. The presented µCT cross sections in Section 6.2 show the
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scanned microstructures in a sharp and high-contrast way. Furthermore, cracks
are clearly visible with respect to the image resolution.
The examined samples are mechanically tested by displacement controlled ten-
sile load. Figure 5.5 illustrates the mechanical test protocol. Since a cyclic
tensile load is applied during the load steps, damage is introduced in a con-
trolled manner. Initially and after each load step the displacement is fixed and
high-resolution volumetric images of the examined specimen microstructure
are acquired. According to Garcea et al. [65] the carried out in-situ µCT tests
in this doctoral thesis are classified as an interrupted in-situ imaging procedure,
as shown in Figure 2.14 (b).
In order to investigate the correlation between microstructure and damage be-
havior, SMC samples with different microstructure are examined. Samples
with different SMC fiber architectures are generated by adjusting the initial
charge coverages and the extraction angles with respect to the MFD. To con-
clusively characterize the microstructure anisotropy induced by the mold filling
process, according to Chaturvedi et al. [208] specimens with 45◦ (or −45◦) to
the MFD are analyzed along with 0◦ and 90◦ specimens. Together with speci-
mens in which the fibers are randomly or planar-isotropic oriented, the impact
of the SMC microstructure on the damage behavior is examined comprehen-
sively. The parameters of the respective in-situ µCT experiments are selected
appropriately for each SMC specimen in order to examine the microstructure
damage behavior in detail. The obtained image data are then analyzed further
by the introduced image processing methods.
The nominal stress curves in Section 6.2 show, that during the load steps there
is a drop of the nominal stress quantified by the ∆σN value. In case of the HO-
0◦, HO-45◦ and RO specimens the nominal stress drop increases with each load
step. Especially for the HO-0◦ specimen, where cracks are already initiated in
the first load step, as shown in Figure 6.16. In contrast, there are only marginal
nominal stress drops of the HO-90◦ specimen, as listed in Table 6.4, with no
cracks observed in these load steps either.
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The specimen geometry in Figure 5.7 was designed to observe damage ini-
tiation and propagation on the microstructural level by means of in-situ µCT
testing. As a result of the notched geometry, there is a stress concentration that
allows the damage to be examined in detail here by focusing the µCT scans on
this notched region. In-situ µCT tests with similar specimen geometries were
carried out in several contributions to examine the damage behavior within
carbon fiber reinforced laminates during fatigue as well as GFRP under tensile
load [84, 85, 255]. The studies demonstrated that the specimen geometry with
two circular notches is very well suited for the investigation of damage and
crack formations by means of in-situ µCT measurements.
In this work, cyclic displacement controlled load is applied during in-situ µCT
test, with the mean displacement increasing in each load step. Comparing
the maximum nominal stresses of the respective specimens with the tensile
strength of quasi-static tests in Table 7.1, reveals a good agreement and consis-
tent results. The relatively low fiber orientation degree of the HO-0◦ specimen,
as illustrated in Figure 6.9, might present a possible explanation for the differ-
ent strength properties here. In the work by Trauth [209], the SMC strength
was characterized using 9 to 15 rectangular shaped specimens per microstruc-
ture case, making these results statistically representative.

Table 7.1: Comparing the maximum nominal stress of the in-situ µCT tested specimens with the
quasi-static tensile test results by Trauth [209] on the same SMC material system with
an initial charge coverage of 33 %.

Microstructure Quasi-static [209] Cyclic load

HO-0◦ 183 MPa 231.7 MPa

HO-45◦ - 152.5 MPa

HO-90◦ 101 MPa 91.9 MPa

RO 167 MPa 170.5 MPa
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In addition, Trauth identified matrix cracking perpendicular to the load direc-
tion as the predominate damage mechanism. This observation is in good agree-
ment with the damage characterization results in this work, as presented in Ta-
ble 6.7 and Section 6.4.3. Furthermore, Trauth examined that matrix cracks
were forced to propagate around fiber bundles, with a similar phenomenon ob-
served in Figure 6.22.

7.3 Damage Segmentation

To investigate the crack related damage process by µCT scanning it is essential
to reliably segment those cracks within the acquired volumetric images. In this
doctoral thesis several segmentation methods are presented and applied. Below
the individual image processing methods and results are discussed.

7.3.1 Seed-Region-Growth Segmentation

µCT scans provide volumetric images of samples, with gray-values indicating
the local material composition. Objects and features consisting of the homo-
geneous material can be detected directly by their gray-value [8]. Gray-value
histogram based segmentation methods are widely used and applied in many
different fields of image processing [88, 89].
In Section 4.2, cracks within volumetric images are segmented by using the
seed-region-growing method (SRG) presented by the authors Adams and
Bischof [96]. From a µCT perspective, cracks are uniform contiguous struc-
tures. The gray-value of cracks is referred to those of air and provides sufficient
contrast with the surrounding microstructure, as shown in Section 6.3.1. As a
consequence of these properties, the SRG method is ideally suited for segment-
ing cracks.
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Figure 6.24 illustrates gray-value µCT cross sections in the upper row and the
corresponding SRG segmented cracks as binary images in the lower row. These
results show that the SRG method reliably segments cracks and eliminates dis-
turbing noise outside the crack. Advantage of the SRG method is the reliable
segmentation of connected objects. However, voxels within the segmented ob-
ject can be mismatched. In addition to the contribution by Schöttl et al. [241]∗,
the image processing method is improved by adding slightly closing operation,
as shown in Figure 4.12. As a result, the combined methods perform both, seg-
mentation of coherent crack structures and elimination of image noise effects
inside the segmented cracks.

7.3.2 Digital Volume Correlation

DVC is an established image processing method to determine the displacement
and deformation field three-dimensionally on the microstructural level. DVC
methods are available in many commercial [146–148] and open-source image
processing softwares [144, 145]. As discussed by Maire and Withers [143] the
full-field data obtained by DVC can be used to identify cracks. Here, the for-
mation of cracks lead to singularities and ambiguities of the displacement field
and consequently, local high difference volume results of the DVC. The larger
the crack opening, the larger the resulting singularity and difference volume of
the DVC.
Several characteristic crack formation regions within the HO-45◦ specimen are
examined in detail by means of the DVC. Figure 6.27 (a) to (c) show a repre-
sentative µCT cross section and the corresponding DVC results regarding a
single crack. The large crack opening here leads to a high-contrast difference
volume data and as a result, the crack is clearly identified in Figure 6.27 (b).
The DVC results in this doctoral thesis demonstrate the performance of DVC
to identify cracks and are in good agreement with those in the publications of
Wang et al. [82, 187] and Agyei et al. [188]. Due to the DVC fundamentals,
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(a) Gray-value image. (b) SRG result. (c) DVC result.

Figure 7.1: Comparing the DVC performance with those of the SRG method regarding the crack
segmentation results. In (a) the gray-value image, (b) SRG and (c) DVC the crack
segmentation results of an exemplary µCT cross section. In contrast to SRG, cracks
are segmented rather smoothed by using the DVC method.

the selected control point spacing, type of transformation and approximation
function regarding the displacement and strain field, cracks are not sharply seg-
mented but rather smoothed out compared to SRG results, as illustrated in Fig-
ure 7.1. However, this effect depends on the microstructure pattern around the
crack which is important for the image correlation. In this work, this smoothing
effect occurs only slightly and cracks are identified relatively sharp, as shown
in Figure 6.30 and Figure 7.1.
Figure 6.28 (a) shows a crack formed within a fiber bundle which is examined
by using DVC in Figure 6.28 (b) and (c). Although the crack opening is small,
the DVC is still capable to identify the crack. Figure 7.2 illustrates the corre-
sponding µCT cross sections of the initial and deformed microstructure along-
side with the difference volume data. The initial and deformed microstructure
are slightly shifted due to the applied load and resulting deformation of the
specimen. Even though the crack opening is marginal, the crack is clearly
identified in Figure 7.2 (c). Reasons for that are the gray-value contrast be-
tween crack and fiber bundle together with the accurate DVC results due to the
well-suited microstructure pattern around the crack. In contrast to the DVC,
this crack could not be segmented with the SRG method, because the crack
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opening is too small and only becomes visible in comparison with the initial
volumetric image.

(a) Initial microstructure. (a) Deformed microstructure. (b) Difference volume.

Figure 7.2: Illustrating the (a) initial and (b) deformed microstructure together with the (c) dif-
ference volume determined by DVC. Comparison between initial and deformed
microstructure demonstrates the capability of the DVC method to identify even the
formation of pseudo-delamination crack with marginal crack opening.

A case where a bad correlation pattern leads to poor difference volume contrast
is illustrated in Figure 6.29. Although the crack opening in Figure 6.29 (a) is
larger than in Figure 6.28 (a), Figure 6.29 (b) reveals a lower difference volume
contrast of the crack. Reason here is that the crack is mostly embedded with
matrix and consequently, a sufficient correlation pattern is missing here. How-
ever, the difference volume contrast is still significant and the crack is clearly
identified. Nevertheless, the comparison between Figure 6.28 and Figure 6.29
shows the importance of an appropriate correlation pattern when using DVC
methods.
As a summary, crack segmentation by means of DVC requires a highly het-
erogeneous microstructure to obtain accurate correlation results. Similar to the
work of Wang et al. [82] and Agyei et al. [188], in this investigation the fiber-
reinforced microstructure works as correlation pattern. The results show that in
case of the studied SMC microstructure even cracks with small crack opening
can be clearly identified based on the difference volume results.
A restriction of the fundamental DVC approach is that volumetric images of
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the initial and deformed microstructure are mandatory. As a result, the appli-
cation of DVC methods is generally combined with in-situ µCT testing, where
both volumetric images are acquired. This restriction limits the applicability
of DVC compared to those of SRG and CNN. However, beyond crack segmen-
tation results DVC determines full-field displacement and strain data on the
microstructural level. Figure 7.3 illustrates the von Mises strain field around
a representative crack formation by a free cut. The shown crack region corre-
sponds to that in Figure 6.29. The von Mises strain field data in Section 6.3.2
reveal that due to the microstructure deformation, as a result of the crack forma-
tion, the local von Mises strain values close to the crack are high and decrease
with increasing distance.

Figure 7.3: Visualizing the von Mises strain field determined by DVC around a matrix crack for-
mation. The crack is segmented according to Figure 6.30 and visualized by a uniform
color.

DVC methods require an appropriate microstructure as correlation pattern. De-
pending on this pattern, displacement and strain fields are determined with ac-
cording resolution. Since the microstructure and thus, the correlation pattern
results directly for a given material system, the DVC resolution is also directly
limited by the studied material system. A reference parameter to quantify the
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spatial resolution of the DVC strain data is the control point spacing of 64 vox-
els (or 0.4 mm) [143]. As a consequence, the microstructure strain around
cracks with according distance are determined, but not near field strain data
close to the crack tip.
Figure 7.3 and Figure 6.29 reveal that a von Mises strain between 4 % to 6 %

is applied around the matrix crack formation here. Even though the von Mises
strain can only be compared qualitatively with the elongation at break from
the tensile test results in Table 3.3, it still shows an exceeding as discussed by
von Bernstorff and Ehrenstein [215].

7.3.3 Convolutional Neural Network

Several authors previously segmented cracks by means of convolutional neural
networks in the field of civil engineering [171, 175, 192, 195, 196, 200]. The
summary in Table 2.3 shows that the authors used training data sets ranging
from 400 up to 35100 and achieved accuracies between 89.30 % and 97.96 %.
The corresponding F-measure quantities in Table 2.4, range from 70.16 % to
90.95 %.
In this doctoral thesis a data set of 9926 input images and ground truth is used
to train, validate and test the U-Net architecture by Ronneberger et al. [172].
Parameters and strategy of the training process in Table 4.3 are selected ac-
cording to previous tests and literature recommendations [162, 192]. As listed
in Table 6.6, the trained U-Net model achieves a final accuracy, precision, re-
call and F-measure of 98.68 %, 86.31 %, 99.14 %, and 92.28 %, respectively.
The difference between precision and recall indicates slight overestimation of
the segmented cracks, as illustrated in Figure 2.30. Comparison with the sum-
marized literature results in Table 2.3 shows that the introduced CNN method
in this work segments cracks with similar exactness. Overall, the metrics and
results demonstrate the high capability of the trained U-Net model to reliable
segment cracks within volumetric µCT images of SMC.
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Comparing the results of the trained CNN model and those of by the SRG seg-
mentation method in Figure 7.4. The first column shows exemplary gray-scale
image sections. Second and third column show the corresponding crack seg-
mentation results of the CNN model and SRG method. The results in the first
row demonstrate that the CNN model and SRG method both segment cracks
accurately.
The images in the second row illustrate the different fundamental approaches
of these two methods. The CNN method is trained in order to segment cracks.
Accordingly, the pore within Figure 7.4 (d) is not segmented by the CNN model
in Figure 7.4 (e). The CNN model distinguishes between pore and crack, al-
though they have the same gray-value. In contrast, the SRG method segments
objects based on their gray-value and not their shape. Pores and cracks are
associated to the same gray-value and as a result, in Figure 7.4 (f) the SRG
method segments both pore and cracks in the same way.
The results in Figure 7.4 reveal the performance and difference of the CNN
and SRG segmentation methods. Advantage of the CNN model compared to
the SRG method is that only cracks are segmented, which can be used for
specific further processing. However, the initial effort for the SRG method is
significantly lower compared to those for the CNN approach. Especially the
acquisition and labeling of training data is time and data intensive.

7.4 Damage Characterization

Quantification and characterization of the damage process is important to un-
derstand and predict the mechanical properties and failure behavior of mate-
rials. As part of this doctoral thesis the damage stages of SMC are compre-
hensively analyzed by combining crack orientation and crack volume charac-
terization methods. The discussions in this section refer mostly to those in the
contributions of Schöttl et al. [241, 243]∗.
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(a) Gray-scale image. (b) CNN prediction. (c) SRG result.

(d) Gray-scale image. (e) CNN prediction. (f) SRG result.

Figure 7.4: Comparing the capability of the trained U-Net model and the SRG method to seg-
ment cracks. First row shows gray-scale image sections, second and third row show
the corresponding the CNN and SRG results, respectively (crack in white and back-
ground in black).

7.4.1 Crack Orientation Tensor

Cracks in discontinuous fiber-reinforced composites are formed directionally
dependent with respect to the microstructure and load case. In general, the
formation of cracks leads to a stiffness reduction in an anisotropic way. Here
the stiffness in crack normal direction degrades stronger than the perpendicular
one. As a consequence, the macroscopic behavior of SMC becomes even more
anisotropic with progressing damage [216].
The study and quantification of the anisotropic nature of damage is essential to
comprehensively characterize the damage behavior. In this doctoral thesis the
fundamental approach by the authors Kachanov [49–51], Lubarda and Krajci-
novic [53] from damage prediction modeling is adapted to evaluate experimen-
tal crack data. In Section 4.3.2, crack characterization methods are presented
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to study the damage anisotropy. In order to quantify the crack orientation dis-
tribution an empirical formulation of the second-order crack orientation tensor
D is applied. As a consequence, similar to the fiber orientation tensor [101] the
experimentally obtained crack normal vectors gi are statistically summarized
by a tensor.
The experimental results of Wang et al. [219] on SMC reveal, that the micro-
crack majority is oriented within 30◦ to the loading direction. Consistent re-
sults were also observed by Jendli et al. [230]. Regarding this statement it
must be noted that the crack direction in some publications were introduced in
a different way compared to this work.
By means of in-situ µCT testing and the presented image processing methods
in Section 4.3.2 the crack orientation distribution is evaluated. In this work the
crack orientations are examined along the damaging process of a SMC sample
with highly oriented fibers in tensile load direction (HO-0◦). The crack orien-
tation histogram results in Table 6.7 reveal, that during the first three load steps
the majority of cracks are oriented within 10◦ to the tensile direction. Dur-
ing the fourth load step, additional cracks are formed and the principal crack
orientation is changed by approximately 30◦.
In addition to the HO-0◦ specimen, the crack orientation during the final load
step of the HO-45◦ and RO specimens are analyzed. The results in Table 6.8
reveal that there is a similar crack orientation distribution within the HO-0◦ and
HO-45◦ specimens during the respective final load step. Furthermore, the RO
specimen shows a crack orientation distribution, where the cracks are mostly
oriented along the tensile load direction. The crack orientation results of the
HO-45◦ and RO specimens are both in good agreement with the µCT cross
sections in Figure 6.18 (c) and Figure 6.23 (d).
In order to model the formation of cracks in state-of-the-art continuum me-
chanic models, the geometry of the defects has to be simple and known (eg.
penny shaped) [49, 50]. In practice, however, the geometry of defects is usu-
ally complex and unknown. The evaluation of the crack orientation distribution
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in this doctoral thesis demonstrates the capability of the presented method to
quantify the damage anisotropy.
The authors Wang et al. [219] studied the orientation of cracks on a SMC ma-
terial system, which consists of a polyester matrix reinforced by a glass fiber
content of 50 wt.%. The authors revealed that in matrix-rich areas nearly all
cracks are formed normal to the load direction, as shown in Figure 7.5 (a). The
crack density and orientation are examined by optical cross sections and man-
ual evaluation. The crack orientations are quantified by the symmetric off-axis
angles θcrack regarding the load direction, where θcrack=̂ − θcrack. For compar-
ison the crack orientation distribution results in this work are illustrated simi-
larly in Figure 7.5 (b). Here, the orientation distribution of the crack volume
fraction in Figure 7.5 (b) is quantitatively compared with those of the crack
density results in Figure 7.5 (a). The crack orientation results of the fourth
load step are illustrated separately in Table 6.7, since here crack phenomena
close to the final fracture are examined, which are not covered by the results of
Wang et al. [219].

(a) Wang et al. [219].
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Figure 7.5: Crack orientation distribution with respect to the crack density. Comparing the crack
orientation results (a) studied by Wang et al. [219] and (b) characterized in this doc-
toral thesis (figure in (a) by Wang et al. [219]).

Comparing both results in Figure 7.5 (a) and (b) reveals that there are quantita-
tive similar trends, but a significant wider crack orientation distribution around
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the load direction of the results by Wang et al. [219]. A reason for this is
the proportion and frequency of matrix cracks, since these preferentially oc-
cur normal to the load direction. The studied SMC material by the authors
Wang et al. includes a higher fiber content of 50 wt.% compared to those in
this work. Consequently, the formation of matrix cracks is proportionally more
likely within the investigated SMC material in this doctoral thesis. This is in
good agreement with the damage mechanism classification results in Table 6.9,
where matrix cracking is identified as the predominate damage mechanism.

7.4.2 Crack Volume Fraction

The authors Meraghni and Benzeggagh [222] established that the content and
geometry of (micro-)cracks affect the macroscopic stiffness of SMC. However,
according to the authors study the macroscopic stiffness reduction is affected
more sensitive by the crack content than on their geometry. The authors Reif-
snider et al. [38], von Bernstorff and Ehrenstein [215] revealed the existents
of a maximum crack density for fiber-reinforced composites, which is charac-
teristic for the material but independent of the load history. This maximum
crack density is especially applicable to whether a quasi-static or fatigue load
is applied. Crack density and volume fraction are commonly used to quantify
the damage state. The authors von Bernstorff and Ehrenstein [215] examined
that there is a direct correlation between crack density on the micro scale and
stiffness degradation on the macro scale.
In contrast to crack density obtained by cross section preparation and opti-
cal microscopy, in this doctoral thesis the crack volume is determined three-
dimensionally by means of in-situ µCT testing. Figure 6.35 presents the char-
acterized crack volume and normalized crack volume fraction. The results of
three representative specimens are visualized with respect to the microstructure
(RO, HO-0◦, and HO-45◦). Since no cracks are observed within the HO-90◦

specimen until fracture by means of the in-situ µCT test, no crack volume data
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are obtained here. Due to cavities within the RO specimen, as shown in Fig-
ure 6.22 the initial crack volume in Figure 6.35 (a) is shifted compared to those
of the other samples.
The crack volume distributions of the three analyzed specimen show, that there
is a high increase of the crack volume just before final fracture. The normal-
ized crack volume fraction with respect to the maximum nominal stress of
the load step are illustrated in Figure 6.36. There is a similar development
of the crack density for the RO and HO-0◦ microstructure. However, the RO
specimen failed at a lower tensile stress level. According to several authors
[38, 215, 219], the crack density within fiber-reinforced polymers is directly as-
sociated with the macroscopic stiffness degradation and overall damage state.
The measured normalized crack volume fraction values in Figure 6.36 for SMC
show a good agreement with the schematic damage progression for compos-
ites materials in Figure 2.5 according to Stinchcomb [42] as well as Mao and
Mahadevan [43].

(a) Shirinbayan et al. [229].
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Figure 7.6: Comparing macroscopic damage variable and norm. crack volume fraction. Devel-
opment of the (a) damage variable and (b) crack volume fraction with respect to the
applied stress and the fiber architecture (figure in (a) by Shirinbayan et al. [229]).
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The authors Shirinbayan et al. [229] studied the damage development in SMC
with respect to different microstructures. The damage is quantified by means
of the damage variable Dmacro = 1− ED/E0, where ED is the current and E0

the initial Young’s modulus. Figure 7.6 (a) illustrates the damage propagation
of the respective SMC specimens. As established by Meraghni and Benzeg-
gagh [222], the macroscopic stiffness reduction strongly correlates to the crack
density. The characterization results in this work on the crack volume fraction
together with the maximum nominal stress σN,max of the respective load steps
are shown in Figure 7.6 (b). Since no cracks were observed before the rupture
fracture of the HO-90◦ specimen, here no crack volume values are determined.
The nominal stress at fracture of the HO-90◦ specimen is illustrated in Fig-
ure 7.6 (b) by a vertical line.
Comparing the damage propagation results in Figure 7.6 reveals similar trends
in the corresponding distributions. There is a sharp damage increase for the
HO-90◦ specimen in Figure 7.6 (a), which is in good agreement with the ob-
servation in this doctoral thesis. Furthermore, similar trends are observed with
respect to the RO and HO-0◦ SMC microstructures, with an increasing damage
of the HO-0◦ specimen at corresponding higher stress values. Overall, compar-
ing the results on macroscopic damage and crack volume fraction in Figure 7.6
reveals that both results show consistent trends. As a consequence, the intro-
duced and characterized crack volume fraction reliably quantifies the damage
state.
Goal of the introduced methods in Section 4.3 is to comprehensively charac-
terize the damage state on the microscopic level. The crack orientation tensor
presented in Section 4.3.2, quantifies the damage anisotropy and spatial distri-
bution but not the overall damage state. Complementary, the introduced crack
volume fraction supplements this aspect. Together the crack orientation tensor
D and crack volume fraction ρCrack quantify the damage in a comprehensive
way.
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7.4.3 Damage Classification

From a damage modeling perspective, the authors Meraghni et al. [222, 223]
classified damage mechanisms in SMC by two types. Matrix cracking and
pseudo-delamination are associated to type A and fiber pull-out to type B. Fur-
thermore, several authors examined the damage behavior of SMC and identi-
fied different predominate damage mechanisms, as shown in Table 3.6. The
four main types of SMC damage referred to in literature are matrix cracking,
pseudo-delamination, fiber pull-out and fiber breakage.
In this work a classification method is introduced to identify the predominate
SMC damage mechanism(s) based on in-situ µCT acquired volumetric images.
Criteria based on crack orientation, neighboring microstructure and fiber orien-
tation are presented for matrix cracking, pseudo-delamination and fiber bundle
breakage. In contrast to the study by Wright et al. [78], in which damage
is classified manually, the introduced mathematical criteria allow cracks to be
classified automatically, deterministically, and reproducibly.
In addition to the three considered damage mechanisms, fiber pull-out is men-
tioned by several authors as another damage mechanism [21, 208, 226, 231].
Fiber pull-out is mainly caused by shear stress induced failure of the inter-
face, which leads to a shear deformation and slipping of fiber and matrix. As
a consequence, there is no significant crack opening between fiber and matrix,
which could be observed by µCT scanning. Because of this reason, shear stress
induced fiber pull-out is not observed and considered by the presented charac-
terization method. Since the actual fiber length is above of the critical, fiber
breakage occurs preferentially before fiber pull-out. This subject is discussed
in detail in the section below. Interface failure due to normal stresses between
fiber and matrix, which leads to crack opening at the interface is associated to
pseudo-delamination by the introduced classification scheme.
The introduced and applied method in this doctoral thesis is inspired by the
crack classification approach of Yu et al. [76]. However, in contrast to the clas-
sification scheme by the authors Yu et al., in addition to crack orientation and
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adjacent microstructure also the orientations of neighboring fibers are taken
into account. As a result, longitudinal and transverse cracks within fiber bun-
dles are classified separately.
The damage mechanisms of SMC samples with different microstructure as well
as along the in-situ µCT load steps are examined. The results in Table 6.9 and
Figure 6.37 reveal that matrix cracking (> 90 %) is by volume the predomi-
nate damage mechanism of the examined SMC material system. In contrast
the proportion of pseudo-delamination and fiber breakage are both marginal
(both < 6 %). There are only minor differences between the samples with
different microstructures. Comparison with Figure 6.16, Figure 6.18 and Fig-
ure 6.22 shows that these results, which indicate dominant matrix cracking,
are plausible. The examined SMC material system contains a fiber content of
41 wt.%. Summarized results by several authors in Table 3.6 show that for
SMC with similar fiber content matrix cracking and pseudo-delamination are
the predominate damage mechanisms.

7.5 Fractography

The author Greenhalgh [27] examined the fracture surface of unidirectional
fiber laminates. The author stated that river lines and scraps are important
features for diagnosing the crack propagation based on fractography. Due to
the difference in stiffness between fiber and matrix together with the result-
ing stress intensities, the river lines mainly occur at the matrix surface near
or between fibers [258]. The crack propagation direction can be determined
by the direction in which the river lines converge. Scraps mark the boundary
between two converging crack which are initiated on slightly different planes
[27]. The occurrence of scarps on the fracture surfaces consequently indicates
that multiple cracks have been formed. River lines and scraps mainly occur
during (pseudo-)delamination.

200



7.5 Fractography

Matrix

Crack

Fiber
τ

τ

σ2

σ1

σ1

(a) Interaction between crack and fiber.

Matrix

Crack

Fiber

Interface failure

(b) Splitting as a result of interface failure.

Figure 7.7: The Cook-Gordon mechanism of longitudinal splitting. Introducing shear stress par-
allel to the interface by means of tension crack propagation towards a longitudinal
fiber (re-illustration, original figures by Greenhalgh [27] and Cook et al. [259]).

The authors Cook et al. [259] studied the mechanics of cracks within unidi-
rectional fiber-reinforced laminates and the interaction of matrix cracks and
fibers. They demonstrate how tensional cracks introduce shear stress at the
fiber-matrix interface by propagating towards a longitudinal fiber, as illustrated
in Figure 7.7. If the introduced shear stress exceeds the interface strength, the
interface fails close to the crack tip and local fiber debonding occurs. Regard-
ing longitudinal splitting by the Cook-Gordon mechanism, Greenhalgh [27] es-
tablished that the poor fiber-matrix interface of GFRP leads to extensive longi-
tudinal splitting and subsequently, predominately fiber debonding before fiber
breakage occurs. This results in a high degree of fiber brooming on the fracture
surface, as shown in Figure 7.8 (a). In contrast, Figure 7.8 (b) shows a fracture
surface where brittle tension failure with limited splitting occurred.
The fracture surface in Figure 6.38 (HO-0◦), Figure 6.42 (RO) and Figure 6.46
(HO-90◦) reveal extensive brooming of the fiber bundles. Although there are
some fiber bundles which failed in a brittle way (cf. Figure 6.40), the majority
of fiber bundles show broom-like failure. According to Greenhalgh [27] and
Cook et al. [259], the reason for this is the relatively weak interface between
the glass fibers and the matrix. In addition to fiber bundle brooming, the SEM
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(a) Broom-like failure. (b) Brittle tension failure.

Figure 7.8: Difference between (a) extensive fiber debonding and (b) dominate fiber breakage of
GFRP laminate (original figures by Greenhalgh [27]).

images in Figure 6.41 (HO-0◦) and Figure 6.43 (RO) reveal that entire fiber
bundles are pulled out as a whole. Brooming and pull-out of the fiber bundles
occurs during the final stage of the damage process [27].
The SEM images in Figure 6.47 and Figure 6.50 (both HO-90◦) show several
river lines, scraps and fiber tracks on the matrix surface in fiber rich regions.
These features indicate that several cracks were initiated due to the stress in-
tensities at the fiber surface [27]. Based on this together with the in-situ µCT
results in Figure 6.19 and Figure 6.20, it is concluded that multiple matrix
cracks occur during the sudden failure of the HO-90◦ SMC specimen and
pseudo-delamination is the predominant damage mode.

7.6 Damage Mechanisms of SMC

In this section, results and insights from damage characterization and fracto-
graphy are brought together and discussed regarding the damage mechanisms
of the investigated SMC material system. In order to design discontinuous
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fiber-reinforced composite components, it is important to predict their mech-
anical behavior as a function of the manufacturing process, microstructure and
damage behavior [260]. Since local damage condition affects the mechanical
properties of composite structures, the substantial description, characterization
and prediction of damage mechanisms are scientifically and industrially im-
perative. However, the damage mechanisms of discontinuous fiber-reinforced
composites occur diversely and in a complex manner. As a consequence, com-
prehensive experimental investigations are essential to describe them properly.
In practice, damage modes often occur simultaneously, which makes predicting
the mechanical behavior a difficult task. One of the most significant degrada-
tions of the mechanical properties of discontinuous fiber-reinforced composites
takes place under cyclic fatigue loading [260, 261].
The critical fiber length determined according to Equation 2.18 and the mate-
rial properties in Table 3.4 and Table 3.5 is 112.5 µm. Fiber bundle length of
the investigated SMC is 25.4 mm. Accordingly, fiber fracture should be more
likely to occur than fiber pull-out. However, in discontinuous fiber-reinforced
composites the assumption that there is equal strain of fiber and matrix is not
fulfilled adequately. According to Piggott [262], the fibers are less strained
than the matrix which results in shear strain at the fiber-matrix interface. As a
result, although the actual fiber length in SMC is much longer than the critical,
fiber pull-out is more likely to occur.
Although fiber and matrix individually behave brittle [48, 263], SMC compos-
ites show a time-depended damage process. Jendli et al. [230] examined that
time and strain-rate dependent loads mostly affect the fiber-matrix interface.
According to Jendli et al. [230] and Shirinbayan et al. [226], the viscous nature
of microscopic damage in SMC is associated to the development of interface
damage and in particular to pseudo-delamination.
According to Cook et al. [259] and Greenhalgh [27], matrix cracking within a
fiber-reinforced composite with poor fiber-matrix interface properties can lead
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7 Discussion

to massive interface failure. The damage mechanisms in various SMC ma-
terial systems are examined, modeled and discussed by several authors. Ta-
ble 3.6 summarizes the predominate damage mechanism(s) for SMC regarding
the fiber content and monotonic or cyclic load case. The analyzed SMC sys-
tem has a nominal fiber content of 41 wt.%. In literature, matrix cracking and
pseudo-delamination have been identified as the predominate damage mecha-
nisms for similar SMC material systems [215, 224, 232].
The damage mechanisms which occur within the examined SMC samples are
observed by in-situ µCT testing and subsequently, analyzed by the classifica-
tion scheme in Figure 4.22. Section 6.4.3 presents the damage classification
results with respect to different SMC microstructures, as well as the propaga-
tion of the damage process.
The damage classification results in Figure 6.35 and Table 6.9 reveal that there
are only marginal difference between the SMC specimens, although those spec-
imens have different fiber orientation distribution. It is concluded that the fiber
architecture does affect the damage behavior, as shown in Section 6.2 but not
the predominate damage mechanism in particular. For the SMC specimens,
matrix cracking is evaluated to be the predominate damage mechanism, as
shown in Figure 7.9.
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Figure 7.9: Classification of the analyzed damage mechanisms. Visualization of the damage
mechanism fractions by a ternary plot and a detailed view of the relevant region. All
the SMC specimens investigated exhibit predominant matrix cracking.

204



7.6 Damage Mechanisms of SMC

In addition to the investigation on the occurring damage mechanisms in dif-
ferent microstructures, the development along the damage process from crack
initiation to final fracture is examined in Figure 6.37. The obtained results
reveal that volume fractions of the damage mechanisms do not change signifi-
cantly through the entire damaging process.
Both characterization data in Table 6.9 and Figure 6.37 show that matrix crack-
ing occurs predominately by volume within the investigated SMC material sys-
tem (> 90 %) compared with pseudo-delamination and fiber breakage (both
< 6 %). These results are consistent with the observations within the µCT
cross sections in Section 6.2. In particular, the damaged microstructures in
Figure 6.22 and Figure 6.22 establish that cracks occur mainly within the ma-
trix. Although the fraction of fiber bundle breakage is small, it has massive
impact on the mechanical behavior on the macroscopic scale, since the stiff-
ness and strength of fibers are significantly higher than those of the matrix.
The authors von Bernstorff and Ehrenstein [215] discussed the occurrence of
single and multiple matrix cracking with respect to the fiber volume content.
Figure 3.11 (b) illustrates the estimated effective composite strength as a func-
tion of the fiber content and the transition between single and multiple matrix
cracking. The actual fiber volume content of the examined SMC material is
higher than the critical fiber volume content. According to von Bernstorff and
Ehrenstein [215] multiple matrix cracking is expected for the studied SMC
material. The authors Wang et al. [219] established that fatigue load with high
cyclic stress introduces damage with high crack density but short character-
istic crack length and fatigue load with low cyclic stress does the opposite.
From a volumetric perspective it is concluded that high cyclic loads lead to the
formation of a higher number of cracks compared to low cyclic loads. The
applied load during the in-situ µCT test in this work is rather associated to
high cyclic load. The µCT cross sections in Section 6.2 reveal that in the be-
ginning of the damage process first a single crack initially occurs, which is
later followed by further cracks close before fracture. This damage progress is
observed especially in case of the SMC microstructures with highly oriented
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fibers in tensile load direction (see Figure 6.16) and randomly oriented fibers
(see Figure 6.22). Overall, the in-situ µCT observations on SMC in this doc-
toral thesis are shown to be in good agreement with the studies on SMC by
Wang et al. [219], von Bernstorff and Ehrenstein [215].
Figure 7.10 (a) shows exemplary matrix crack formation within the investi-
gated SMC material system and Figure 7.10 (b) illustrates them schematically.
Here multiple cracks are formed at different locations. Due to the stress inten-
sity, at (I) a crack has occurred at a cavity tip. Additional matrix cracks are
formed at (II), that surpass a fiber bundle at (III) without fiber bundle break-
age. This phenomenon is explained by the lower failure strain of the matrix
compared to the fiber.

σ

σ

(II)

(I)

(III)

(b) Schematic illustration.(a) µCT cross section view.

(I)

(II)

(III)

Figure 7.10: Damage mechanisms in SMC with planar randomly oriented fiber bundles (RO)
under cyclic load. In (a) an exemplary µCT cross section of the RO sample and (b)
illustration of the observed damage phenomena. At (I) crack initiation at a pore tip,
(II) crack propagation through the UPPH matrix and (III) bypassing fiber bundles.

During the formation and propagation of cracks in solids, various phenomena
can occur which are typical for the respective material. In the work of Naebe et
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al. [261] these crack phenomena for composite materials were presented and
discussed. The results in this doctoral thesis show that fiber bundle bridging
and crack deflection occurs in SMC. The fiber bundle bridging leads to the fact
that the composite material becomes macroscopically tougher compared to the
pure UPPH matrix and crack propagation in the brittle matrix can be stopped.
In this case and as shown in Figure 7.10, fiber bundles do not necessarily bridge
the two crack surfaces directly but stabilize the crack by surrounding it.
The authors Shirinbayan et al. [226–229] examined the SMC damage mech-
anisms with respect to the fiber orientation distribution. According to the au-
thors fatigue life of SMC is strongly affected by the fiber orientation distribu-
tion. In this work, a significant difference is observed between the analyzed
fiber architectures regarding the damage behavior.
Different damage behavior with respect to the SMC microstructure is examined
in this work. As shown by the results from experimental in-situ µCT testing and
fractography, SMC with highly oriented fibers perpendicular to the tensile load
direction (HO-90◦) fail in a sudden manner, where the matrix material appears
to be mainly responsible. The µCT cross section in Figure 6.20 (d) reveals that
during final fracture additionally to matrix cracking also pseudo-delamination
occurred. Matching features, such as river lines, scraps and fiber tracks, that
also indicate pseudo-delamination are evident by examining the fracture sur-
face in Figure 6.49.
The SMC samples with HO-0◦, RO and HO-45◦ microstructure show steady
damage behavior in descending order, as illustrated in Figure 6.36. Compared
with the HO-90◦ specimen, the mechanical behavior of these samples is mostly
associated to the composites properties. In contrast to the results by Shirin-
bayan et al. [228], the results in this doctoral thesis reveal that the damage
behavior and maximum nominal stress of the random oriented (RO) and trans-
verse highly oriented fiber orientation (HO-90◦) is significantly distinguished.
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σ

σ

(I) (II)

(b) Schematic illustration.(a) µCT cross section view.

(I) (II)

Figure 7.11: Illustration of the observed damage mechanisms in HO-90◦ SMC. In (a) µCT cross
section and in (b) schematic illustration of the crack formation, where predominately
matrix cracking and pseudo-delamination occurs.

Figure 7.11 schematically illustrates the crack formation and damage mecha-
nisms with respect to the fiber architecture based on the results in this work.
The crack formation within the HO-90◦ SMC in Figure 7.11 (b) is recon-
structed based on the SEM images and fractography. Since massive river lines,
scraps and fiber tracks are observed here and due to the fiber architecture, it is
concluded that matrix cracking and pseudo-delamination mainly occurred, as
observed in Figure 7.11 (a) at (I) and (II).
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8 Summary and Conclusions

This work covers several aspects regarding the material science investigations
on SMC. In this chapter the methods, results and discussion of the microstruc-
tural characterization, experimental in-situ µCT investigations and damage
characterization are summarized and conclusions are drawn.
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8 Summary and Conclusions

8.1 Microstructure Characterization

Cooperations and interactions between different research areas is important
in order to combine the respective capabilities and open up new possibilities.
For materials science and the International Research Training Group (IRTG)
in particular, the transition of data between numerical modeling and character-
ization, as well as between scale levels is critical. In this doctoral thesis the
microstructure of sheet molding compounds (SMC) is characterized by means
of micro-computed tomography (µCT) scanning and image processing meth-
ods. The acquired fiber orientation data on the microscale level are transferred
to macro scale by the introduced mapping scheme. This enables the utilization
of the acquired fiber orientation data for the validation of process simulation
or as input for mechanical prediction models. Furthermore, the fiber orienta-
tion within the SMC samples that are examined through in-situ µCT testing are
characterized. This allows a comprehensive investigation of the SMC samples
with regard to the microstructure as well as the mechanical behavior.
This doctoral thesis introduces a method to identifying and analyzing fiber
bundles within µCT volumetric images of SMC. The introduced method ba-
sically consists of two parts. First, microscopic fiber bundles are iteratively
tracked by step-wise determining the step-wise highest probabilistic path with
respect to the orientation data. Compared to woven fabrics the fiber bundles
within SMC are generally randomly oriented and unstructured. The stream-
line inspired method meets the requirement to reliably track microscopic fiber
bundles even in regions where other fiber bundles cross. To determine the
mesoscopic fiber bundles based on the microscopic tracking results, criteria are
introduced to quantify distance and orientation between microscopic bundles.
Subsequently, those criteria are implemented by an agglomerative hierarchical
clustering method and the mesoscopic fiber bundles are determined.
The basic approach of the fiber bundle tracking method utilizes the fiber bun-
dle structure, which is typical for SMC material. Fiber bundles are analyzed
instead of individual fibers and as a consequence, the necessary minimum voxel
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size of the µCT scan is increased significantly. As a result, larger and more rep-
resentative SMC microstructure volumes can be examined by means of cone-
beam µCT scanning. Compared to state-of-the-art methods, the introduced
characterization method is capable to identify and analyze the unstructured and
randomly oriented SMC microstructure.
The characterization and prediction of SMC microstructures is essential for
designing components and optimizing the manufacturing process. Weld lines
occur when two mold fronts clash during the mold filling process, representing
a mechanical weak point. Although efforts are made to avoid this, it cannot
always be ruled out. Especially for SMC components with complex geome-
try, weld lines are often unavoidable in practice. The introduced fiber bundle
tracking method is used to analyze fiber bundles within and around weld lines.
In particular, the fiber bundle curvature distribution through the weld line is
examined. Obtained results reveal, that there is a higher curvature of fiber bun-
dles within the weld line than outside. However, only limited number of fiber
bundles are strongly bended here.

8.2 Experimental Damage Investigation

Damage investigation of SMC by means of interrupted in-situ µCT is one key
aspect of this work. Through combining mechanical in-situ testing and lab-
based µCT scanning, volumetric images of an examined microstructure at dif-
ferent damage stages are acquired. Here, µCT scans are performed initially and
after each interrupted load step.
Goal of the experimental procedure is to investigate the damage process on the
microstructural level. The load is introduced displacement controlled and in-
creased step-wise by each load step. As a consequence, damage is introduced
in a controlled manner, which enables to observe crack initiation and propa-
gation through several load steps although the examined SMC material shows
brittle behavior.
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The in-situ µCT setup has a slim load frame, that allows to place the in-situ µCT
setup close to the focus spot in order to acquires high-resolution projections.
The load frame is made of carbon fiber-reinforced polymer, which only weakly
absorbs X-rays. As a result, high-resolution volumetric images with low image
noise are obtained of the damage SMC microstructures. Overall, the applied
in-situ µCT setup acquires volumetric images with clear contrast and voxel size
between 6 and 7 µm.

8.3 Damage Segmentation

Effective and reliable image processing methods are important to analyze mi-
crostructures by means of volumetric images. One key aspect of this doctoral
thesis is the characterization of microstructural damage regarding the initiation
and propagation of cracks. To examine damage features, cracks are segmented
reliably in the first place. In this work different segmentation methods includ-
ing gray-value histogram based seed region growth approach (SRG), convolu-
tional neural networks (CNN) and digital volume correlation (DVC) are pre-
sented and applied.
Gray-value histogram image processing techniques are widely used in many
fields. The SRG method is designed to reliably segment contiguous objects.
The method proves to be robust against image noise. The results show that
cracks are segmented reliably and accurately in the µCT volumetric images of
SMC. Since the gray-value level of cracks and pores is similar, both phenomena
are segmented in the same way by the SRG method.
Methods based on CNN approaches are highly capable to classify, detect and
segment objects within image data. The basic concept of CNN is to train a
general architecture based on input images and corresponding ground truth
data to enable the CNN model to segment specific objects. This doctoral thesis
presents a CNN method to segment cracks within µCT volumetric images of
SMC. Image data for the training process are obtained by interrupted in-situ
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µCT testing. In total, a dataset including 9926 µCT images and corresponding
ground truth labels was acquired. The training images are taken from separate
in-situ µCT experiments and are strictly separated from the examined SMC
samples.
In this doctoral thesis, the U-Net architecture is selected, implemented and
trained by the training dataset. Final accuracy, precision, re-call and F-Measure
of 98.68 %, 86.31 %, 99.14 %, and 92.28 % are achieved by the U-Net model,
respectively.
The trained CNN model is implemented in a data processing setup to auto-
matically segment cracks within large-scale volumetric images. Here, image
patches are extracted equidistant by a grid, analyzed by the trained CNN and
re-assembled subsequently. In order to eliminate effects by the grid, the large-
scale volumetric images are analyzed by means of several grids and the results
are merged together. As a result, cracks within large-scale volumetric images
with individual sizes are segmented reliably and efficiently based on the trained
CNN model.
Based on volumetric images of the initial and deformed microstructure, the
changes can be inferred. Digital volume correlation (DVC) techniques deter-
mine the displacement and deformation field three-dimensionally. Here, the
highly heterogeneous microstructure is used as a correlation pattern. As part of
this work the DVC method by VGSTUDIO MAX 3.4 from Volume Graphics
is applied. The formation of cracks leads to ambiguities and singularities of the
continuum mechanic, which are used to recognize cracks. The results in this
doctoral thesis demonstrate the capability of DVC to identify cracks. Further-
more, besides crack segmentation the DVC are used to analyze the strain field
around crack formations.
Due to the complex and heterogeneous microstructure of SMC and fiber-
reinforced composites in general, it is difficult to segment and analyze cracks
within volumetric images. However, there is a need for reliable and efficient
image processing methods to characterize microstructural damage. This work
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shows, compares and discusses the ability and capability of the presented crack
segmentation methods.
Compared to the CNN method, the SRG not only segments cracks but also
pores, since these have a similar gray-value. The DVC approach differs the
most from both other methods SRG and CNN. Here, volumetric images of the
initial and deformed specimen are mandatory as input. As a result, informa-
tions about the displacement and deformation field within the microstructure
are obtained, from which the position of cracks can be deduced. The greatest
effort is required for the CNN method, since this requires an extensive training
dataset to be generated and an architecture to be trained at great expense in the
first place. However, if the CNN has been trained properly, it generates the
most accurate crack segmentation results.

8.4 Damage Characterization

Cracks and damage on the microstructural level significantly affects the me-
chanical behavior on the macro scale. Consequently, the characterization of
damage is essential to understand and predict the mechanical behavior of ma-
terial system comprehensively. By utilizing the damage segmentation meth-
ods and results, microstructural cracks are characterized in this doctoral thesis.
Methods are introduced to further analyze and quantifying crack formations by
two different aspects.
The presented crack volume fraction takes the overall crack volume into ac-
count and quantifies both propagation of cracks as well as the formation of
further cracks. From this data, the overall state of damage can be derived. The
results show how the examined SMC damages through the interrupted in-situ
µCT test and that this behavior corresponds to that of established characteriza-
tion results and models.
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In general, the mechanical properties of fiber-reinforced composites are aniso-
tropic. Since, damage is usually introduced directionally dependent and con-
sequently, the degree of anisotropy is increased as the damage progresses.
State-of-the-art structure models predict the mechanical behavior and take the
anisotropic damage development into account. However, they require detailed
microstructure characterization data as a input and for the validation.
Methods to characterize the damage anisotropy by means of the crack orienta-
tion are presented. The crack orientation distribution is quantified through an
empirical formulation of the second-order crack orientation tensor D. Subse-
quently, the presented methods are applied and the anisotropic nature of dam-
age is analyzed for the studied SMC material system.

8.5 Fractography

In addition to the in-situ µCT tests, the fracture surfaces of studied SMC sam-
ples are analyzed by means of scanning electron microscopy (SEM). The an-
alyzed fracture surfaces show massive fiber bundle brooming which indicates
matrix cracking and poor interface strength with respect to the Cook-Gordon
mechanism. Furthermore, on the fracture surface of the SMC with highly ori-
ented fibers perpendicular to the tensile load direction (HO-90◦) a large num-
ber of river lines, scraps and fiber tracks are observed. Those features indicate
pseudo-delamination and rupture fracture, which is consistent with the obser-
vations of the in-situ µCT test.

8.6 Damage Mechanisms of SMC

Due to the combination of different materials in composites, not only one dam-
age mechanism occurs but many different ones. Those damage mechanisms

215



8 Summary and Conclusions

occur in different ways, damage different parts of the microstructure and con-
sequently, do have different impact on the mechanical behavior.
One key aspect of this work is the combination of microstructure and damage
characterization methods and data on the same scale level. By merging mi-
crostructure data from the fiber orientation analysis and crack data from the
in-situ µCT testing and damage characterization, suitable mathematical crite-
ria for the SMC damage mechanisms matrix cracking, pseudo-delamination
and fiber bundle breakage are introduced. Based on that damage classification
scheme, the fractions of these three damage mechanisms is determined for the
SMC samples studied. The results reveal that matrix cracking (> 90 %) is the
predominate case by volume. However, although the fractions of the other two
cases is lower (both < 6 %), the effect of fiber bundle breakage in particular on
the mechanical properties cannot be neglected.
This doctoral thesis covers several aspects regarding the material science inves-
tigations on SMC. The introduced methods and results of the microstructural
analysis, experimental damage investigation and damage characterization are
all brought together in order to evaluate and quantify the occurring damage
mechanisms. As a result, methods to comprehensively characterize various as-
pects of fiber-reinforced polymers on the microscopic and mesoscopic scale
based on µCT technique are introduced. Finally, all those methods are applied
to evaluate the relationship between microstructure and damage behavior of
the examined SMC material system.
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A Appendix

Detailed operation parameters of the µCT scans, which were presented and
analyzed in this work are listed in Table A.1 and Table A.2. Table A.1 lists
the scanning parameters regarding the microstructure characterization and Ta-
ble A.2 those of the in-situ µCT measurements, respectively.
In addition to the µCT parameters in Table A.2, the characterized microstruc-
ture properties of the respective SMC specimens are listed in Table A.3. The
table includes the charge coverage, plate orientation, principal fiber orientation
and coherence.

Table A.1: Selected parameter and details of the performed µCT, which are used for the fiber
bundle analysis.

Property Unit Sample
No. 1

Sample
No. 2

Sample
No. 3

Voxel size µm 9.1 6.8 17.2

Exposure time ms 1000 500 1000

Current mA 0.03 0.20 0.05

Voltage kV 130 150 150

Frame binning - 2 2 2

X-ray tube head - Transmission Reflection Reflection

285



A Appendix

Ta
bl

e
A

.2
:S

el
ec

te
d

pa
ra

m
et

er
an

d
de

ta
ils

of
th

e
pe

rf
or

m
ed

in
-s

itu
µC

T
sc

an
s.

L
ab

el
Vo

xe
ls

iz
e

E
xp

os
ur

e
tim

e
C

ur
re

nt
Vo

lta
ge

Fr
am

e
bi

nn
in

g
X

-r
ay

tu
be

he
ad

H
O

-0
◦

6.
8

µm
50

0
m

s
0.

20
m

A
15

0
k
V

2
R

efl
ec

tio
n

H
O

-4
5
◦

6.
1

µm
50

0
m

s
0.

24
m

A
15

0
k
V

2
R

efl
ec

tio
n

H
O

-9
0
◦

6.
2

µm
50

0
m

s
0.

25
m

A
14

0
k
V

2
R

efl
ec

tio
n

R
O

6.
5

µm
50

0
m

s
0.

20
m

A
15

0
k
V

2
R

efl
ec

tio
n

Ta
bl

e
A

.3
:M

ic
ro

st
ru

ct
ur

e
pr

op
er

tie
s

of
th

e
SM

C
sa

m
pl

es
ex

am
in

ed
by

m
ea

ns
of

in
te

rr
up

te
d

in
-s

itu
µC

T
te

st
in

g.

L
ab

el
Sp

ec
im

en
na

m
e

G
eo

m
et

ry
C

ha
rg

e
co

ve
ra

ge
Pl

at
e

or
ie

nt
at

io
n

Pr
in

ci
pa

lfi
be

r
or

ie
nt

at
io

n
C

oh
er

en
ce

of
N

H
O

-0
◦

23
-0

-1
se

e
Fi

g.
5.

7
50

%
0
◦

4
.0
◦

0.
25

H
O

-4
5
◦

C
25

-0
1-

45
-0

7
se

e
Fi

g.
5.

7
25

%
45
◦

4
5.

4◦
0.

47
H

O
-9

0
◦

18
-9

0-
2

se
e

Fi
g.

5.
7

50
%

90
◦

7
8.

5◦
0.

40
R

O
C

25
-0

1-
45

-1
4

se
e

Fi
g.

5.
7

25
%

45
◦

is
ot

ro
pi

c
0.

13

286



A Appendix

Details of the U-Net architecture by Ronneberger et al. [172], including layer
type, depth, output size and number of parameters are provided in Table A.4.
The CNN architecture is trained and applied as part of this doctoral thesis and
is implemented by using Tensorflow 2.3.1, Keras 2.4.3 and Jupyter Notebook
2.2.8.

Table A.4: Detailed structure of the U-Net architecture.

Layer Layer type Depth Output size Parameter

0 Input 96 0

1 Convolutional 32 96 320

2 Dropout 96 0

3 Convolutional 32 96 9248

4 Max pooling 48 0

5 Convolutional 64 48 18496

6 Dropout 48 0

7 Convolutional 64 48 36928

8 Max pooling 24 0

9 Convolutional 128 24 73856

10 Dropout 24 0

11 Convolutional 128 24 147584

12 Convolutional Up-Sampling 64 48 32832

13 Concatenation (Layer No. 7) 48 0

14 Convolutional 64 48 73792

15 Dropout 48 0

16 Convolutional 64 48 36928

17 Convolutional Up-Sampling 32 96 8224

18 Concatenation (Layer No. 3) 96 0

19 Convolutional 32 96 18464

20 Dropout 96 0

21 Convolutional 32 96 9248

22 Output 96 66
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