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Abstract

Sheet molding compound (SMC) composites have been well-established as non-
structural and semi-structural components in vehicles due to their high lightweight
potential. Over the past decade, increasing need for further vehicle weight re-
duction has fueled endeavors to further improve mechanical properties of SMC
and thereby to expand their suitability as structural components. One promis-
ing approach to achieve this goal is the combination of discontinuous glass fiber
SMC with local continuous carbon fiber reinforcement, which is currently be-
ing investigated by the German-Canadian research training group GRK 2078.
Such hybrid continuous-discontinuous composites enable the production of com-
ponents with excellent mechanical properties while maintaining the advantages
of the SMC process including geometric flexibility, short cycle times and cost
efficiency. However, several factors prevent the exploitation of the composite’s
full potential. Major obstacles for a safe and efficient application of continuous-
discontinuous SMC are the lack of knowledge regarding their fatigue behavior and
about uncharted effects of hybridization on damage behavior under cyclic loading
conditions.

This thesis describes a systematical analysis of the fatigue behavior of continuous-
discontinuous SMC both under cyclic tensile and bending loads at different tem-
peratures and frequencies. The hybrid composite, which consists of a discontin-
uous glass fiber SMC core and unidirectional carbon fiber SMC face plies, shows
significantly higher fatigue resistance compared to discontinuous SMC without
continuous reinforcement. The effect of hybridization is more pronounced un-
der cyclic loading than under monotonic loading, which is a result of distinct
damage mechanisms acting at distinct applied stresses. The mechanical behavior
of continuous-discontinuous SMC is dominated by the continuous plies at high



Abstract

stresses and by the discontinuous ply at low stresses. The effect of hybridization
is particularly distinctive under cyclic bending load on account of the composite’s
sandwich-like structure. In addition, relative stiffness degradation of continuous-
discontinuous SMC is less pronounced over a larger loading period compared
to discontinuous SMC. While damage evolution within the discontinuous SMC
ply remains largely unaffected by hybridization, the continuous SMC plies are
enabled to withstand significantly higher cyclic loads than continuous SMC spec-
imens that are not a part of a hybrid composite. When using a cross-ply instead
of a unidirectional continuous reinforcement, early initiation of cracks in the 90°
ply at comparatively low stresses leads to rapidly growing delaminations and large
cracks in the discontinuous SMC ply. Consequently, the effect of hybridization
under cyclic loading is less pronounced. While continuous-discontinuous SMC is
largely insensitive to a change in frequency, enhanced temperature leads to early
failure of the unidirectional ply on the compression loaded side, which results in
a significant decrease of fatigue life.
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Kurzfassung

Sheet Molding Compounds (SMC) werden aufgrund ihres Leichtbaupotentials
bereits seit lingerer Zeit erfolgreich als nicht-strukturelle und semi-strukturelle
Bauteile in Fahrzeugen eingesetzt. Aufgrund des zunehmenden Bedarfs an einer
weiteren Gewichtsreduzierung bei Fahrzeugen zielte die Entwicklung in den letz-
ten zehn Jahren darauf ab, die mechanischen Eigenschaften von SMC derart
zu verbessern, dass der Verbundwerkstoff auch fiir strukturelle Anwendungen
eingesetzt werden kann. Ein vielversprechender Ansatz, der derzeit vom deutsch-
kanadischen Graduiertenkolleg GRK 2078 untersucht wird um dieses Ziel zu er-
reichen, besteht in der Kombination von diskontinuierlich verstirktem Glasfaser-
SMC mit einer lokalen Endloskohlenstofffaserverstirkung. Aus solch einem
hybriden Verbundwerkstoff konnen Bauteile mit hervorragenden mechanischen
Eigenschaften hergestellt und dennoch die Vorteile des SMC-Verfahrens beibehal-
ten werden. Zu diesen Vorteilen gehoren vor allem die geometrische Design-
freiheit, kurze Zykluszeiten und Kosteneffizienz. Allerdings limitieren mehrere
Faktoren die Ausschopfung des vollen Werkstoffpotentials. Fehlende Kenntnisse
tiber das Ermiidungsverhalten und die Auswirkungen der Hybridisierung auf das
Schidigungsverhalten unter zyklischen Belastungsbedingungen stellen eine grofie
Hiirde fiir eine sichere und effiziente Auslegung und Anwendung dar.

Diese Arbeit beschreibt die systematische Analyse des Ermiidungsverhaltens
von kontinuierlich-diskontinuierlich verstirktem SMC sowohl unter zyklischer
Zugbeanspruchung als auch unter zyklischer Biegebeanspruchungen bei un-
terschiedlichen Temperaturen und Frequenzen. Der Hybrid, der aus einem
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diskontinuierlichen Glasfaser-SMC-Kern und unidirektionalen Kohlenstofffaser-
SMC-Decklagen besteht, zeigt im Vergleich zu rein diskontinuierlich verstirk-
tem SMC deutlich hohere Ermiidungsfestigkeiten und Lebensdauern. Der Ef-
fekt der Hybridisierung ist bei zyklischer Belastung stirker ausgeprigt als bei
monotoner Belastung und ist unter Biegebelastung aufgrund der Sandwichstruk-
tur besonders grof. Dariiber hinaus ist die relative Steifigkeitsdegradation im
kontinuierlich-diskontinuierlichem SMC iiber einen grofleren Belastungszeitraum
hinweg geringer. Wihrend die Schidigungsentwicklung in der diskontinuierlichen
SMC-Lage durch die Hybridisierung weitgehend unbeeinflusst bleibt, fiihren
Wechselwirkungen zwischen den Lagen dazu, dass die in den Hybridverbund
integrierte kontinuierliche Kohlenstofffaser-SMC-Lage deutlich hoheren zyklis-
chen Belastungen standhalten kann als kontinuierliche SMC-Proben, die nicht
Teil eines Hybridverbunds sind. Bei Verwendung einer kreuzweisen kontinuier-
lichen Verstirkung anstelle einer unidirektionalen, fiihrt die frithe Rissbildung in
der 90°-Lage bei vergleichsweise geringen Spannungen zu schnell wachsenden
Delaminationen und grofen Rissen in der diskontinuierlichen SMC-Lage. De-
mentsprechend sind Hybridisierungseffekte unter zyklischer Belastung weniger
stark ausgeprigt. Wihrend kontinuierlich-diskontinuierlich verstirktes SMC
weitgehend unempfindlich gegeniiber einer Verinderung der Frequenz ist, fiihrt
eine erhohte Temperatur zu einem wesentlich schnelleren Versagen der unidi-
rektionalen Kohlenstofffaser-SMC-Lage auf der druckbelasteten Seite, was eine
reduzierte Ermiidungslebensdauer zur Folge hat.
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1 Introduction

1.1 Continuous-discontinuous FRP
composites

Fiber-reinforced polymers (FRPs) have become indispensable for aircraft, auto-
motive, wind power and leisure industries due to their high specific strength and
stiffness and the possibility to design material properties specifically tailored for
an application. FRPs consist of a matrix that can either be a comparatively brittle
thermoset, or a more flexible thermoplastic and are mostly reinforced with glass
fibers (GFRPs) or carbon fibers (CFRPs). Glass fibers are comparatively cheap
and are therefore used preferentially for cost-critical applications. Carbon fibers
are more expensive and are favorable for applications requiring higher strength
and stiffness. These fibers are especially convenient for lightweight construction
due to their outstanding specific mechanical properties in the fiber direction.

FRPs can further be classified as continuously or discontinuously fiber-reinforced.
In continuous FRPs, fiber length is limited solely by structural dimensions, which
allows for the achievement of the highest stiffnesses and strengths. Therefore,
continuous FRPs composites are often deployed in aerospace, wind turbines or
sporting goods. However, due to their poor flowability, continuous fibers come
along with limitations regarding feasible part geometries thus reducing design
freedom to parts not exceeding a certain curvature. Furthermore, manufactur-
ing of continuous FRPs components is expensive. The conventional autoclaving
process is capital-, labor- and energy-intensive and production cycles are typi-
cally measured in hours (Malnati, 2015). In contrast, discontinuous FRPs can
be molded into complex geometries, featuring tight radii and rib structures, due
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to their ability to flow during the molding process. In contrast to continuous
FRPs, the production of discontinuous FRPs is considerably budget-friendly.
Their suitability for rapid and high-volume manufacturing makes them specifi-
cally interesting for automotive components. Sheet molding compound (SMC)
composites, for example, which are thermoset-based discontinuous composites
(typically glass fiber-reinforced), that are manufactured by compression molding,
are well-established and widely utilized for non-structural and semi-structural
automotive components. Their use in structural components, however, is not yet
established as they are inferior to continuous or unidirectional FRPs in terms of
stiffness and strength as a result of their limited fiber length.

+ high stiffness and strength = high cycle times
+ controlled fiber alignment
- complex microstructure

A Co FRPs
CoDiCo FRPs

k4
5 + high stiffness and strength
o .
& DiCo FRPs ' . -l- cont1'rolled fiber al}gnment
A + little post-processing restricted formability
8 + short cycle times - high scrap rate
g
=
3
g

+ good formability

+ little post-processing
+ short cycle times

- low stiffness and strength
~ complex microstructure

v

fiber length/costs

Figure 1.1: Mechanical properties and costs of continuous (Co), discontinuous (DiCo) and
continuous-discontinuous (CoDiCo) FRPs.

The consortium of the International Research Group GRK 2078 "Integrated en-
gineering of continuous-discontinuous long fiber-reinforced polymer structures"
(CoDiCo FRP) aims to explore hybrid composites uniting the design freedom
of low cost discontinuous GFRPs with the high stiffness and strength of uni-
directional CFRPs (Figure 1.1). Both components are combined in a one-step
molding process in order to create complex shaped SMC parts with a local con-
tinuous reinforcement, where highest mechanical properties are required. The
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main objective is the development of manufacturing, modeling, dimensioning and
characterization concepts for CoDiCo FRP parts (Bohlke et al., 2016).

Hybrid CoDiCo FRPs hold the potential to substitute other materials in automotive
structural components to further reduce vehicle mass. An example for such an
application is the CFRP subframe combining continuous and chopped fiber SMC
in a co-molding process, which was developed within the scope of a joint research
project of Ford Motor Co. (Dearborn, MI, US) and Magna International (Aurora,
ON, Canada) and is depicted in Figure 1.2 (Gardiner, 2018). The subframe is
located in the front of the vehicle and supports the engine and chassis components,
subjecting it to significant loads. Another example for an automotive application
of continuous-discontinuous SMC was presented by Bruderick et al. (2013),
who reported on the use of unidirectional carbon fibers to selectively stiffen the
windshield surround in the 2003 Dodge Viper, which is primarily composed of
chopped glass and carbon fiber SMC.

Overmolded
stainless steel
sleeve

Aluminum
extrusion

UD Laminate
(Continuous fiber)

Compression
molded composite

P
(random fiber) Integrated composite

crush cans

Figure 1.2: Continuous-discontinuous carbon fiber composite subframe (Gardiner, 2018).
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1.2 Challenges of hybrid composites

Despite all the advantages of CoDiCo FRPs, structural complexity remains an
important challenge. Hybrid composites are anisotropic and heterogenous on
both the macroscale and the microscale. Numerous parameters can be modified,
such as the type of fiber and matrix as well as length, orientation and volume
content of fibers. In flowable composites such as discontinuous SMC, the fiber
orientation and curvature are process-dependent and influenced by the movement
of the conveyor belt, the geometry of the mold, the initial mold coverage and the
molding parameters. Complexity is further enhanced by hybridization with con-
tinuous carbon fibers. The additional reinforcement not only yields an additional
interface with an individual property profile but also influences the discontinuous
material’s flow and thus the resulting microstructure. To reduce experimental
effort for material characterization and to enable modeling mechanical behavior,
identification of process-structure-property relationships is crucial.

Besides the versatility of the microstructure, interactions between the different
components on the micro level results in a material behavior, that cannot be
captured accurately based solely on their individual macroscopic properties. A
detailed knowledge of the damage mechanisms and their respective influences
on material performance is necessary to evaluate effects of hybridization. These
aspects taken into account, Trauth (2020) introduced adapted experimental meth-
ods and analytical tools for characterizing and modeling mechanical behavior of
CoDiCo SMC under different monotonic loading conditions. In addition, Trauth
(2020) introduced criteria to evaluate hybridization effects and emphasized the
strong dependence on the load case, since distinct damage mechanisms are rele-
vant for distinct loading conditions. For example, tensile and compressive moduli
of elasticity can be estimated with sufficient accuracy by using a rule of mixtures,
while more sophisticated modeling approaches are required to describe the flexu-
ral behavior and strength parameters of a hybrid material. The results suggest a
divergence of hybridization effects under cyclic loading from those observed un-
der monotonic loading, thus calling for a re-evaluation when the hybrid composite
is subjected to fatigue.
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1.3 Fatigue of hybrid composites

The damage behavior of hybrid composites is very complex especially under cyclic
loading conditions. Constraining effects change the deformation behavior of the
individual components. Mechanical properties of the different plies degrade at
distinct rates leading to an alternation in load distribution from cycle to cycle,
thereby making every constant amplitude cyclic load to a problem of variable
amplitude fatigue. The properties of the interface can also be progressively
damaged due to fatigue, which must be taken into account. In addition, damage
mechanisms occurring in one of the constituents can trigger damage in the other.
Since most engineering applications are exposed to cyclic loading and the vast
majority of mechanical failures are attributed to fatigue damage (Mortazavian and
Fatemi, 2015), such hybridization effects need to be understood and accounted
for when dimensioning hybrid composite structures.

1.4 Objectives and scope

The aim of this work is to characterize the fatigue behavior of hybrid CoDiCo SMC
composites and to provide a deeper understanding of hybridization effects under
different cyclic loading conditions. To this end, general aspects of hybrid materials
and their properties, followed by an introduction to the material systems at hand
and a comprehensive literature review of the state-of-the-art of CoDiCo SMC
composites are introduced. Fundamentals on the fatigue of FRPs in general as
well as current know-how on fatigue of continuous FRPs and discontinuous SMC
are assessed and discussed. A review of common experimental techniques for
damage analysis in FRPs allows for the identification of the most suitable method
to characterize the evolution of damage in CoDiCo SMC during cyclic loading.
Together with the theoretical background, an extensive experimental program, that
includes tension-tension fatigue tests as well as more application-related bending
fatigue tests at different frequencies and temperatures, provides the foundation
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for evaluation of fatigue properties of continuous, discontinuous and continuous-
discontinuous SMC on coupon level and for the analysis of hybridization effects.
This includes the determination of stress-dependent fatigue lives, stress- and cycle-
dependent loss of mechanical properties and underlying damage mechanisms.
A closer look on unidirectional plies and 0°/90° plies, two different types of
continuous reinforcement in the context of hybrid materials, demonstrates the
influence of a variation of fiber architecture on damage behavior and material
properties. Suitable damage parameters and state-of-the-art modeling strategies
in terms of their applicability for CoDiCo SMC composites are discussed in light
of possible service life predictions.



2 State of the art

2.1  Hybrid materials

2.1.1 Definition and general aspects

Common engineering materials cover only parts of Ashby’s modulus-density
space (Figure 2.1), leaving vast blank regions, referred to as holes, that offer
potential for material development (Ashby, 2011). The general idea behind hybrid
materials is to combine two or more materials to achieve a property profile, that
monolithic materials cannot offer and in turn fill these holes, at least partially.

According to the general idea behind hybrid materials, every composite material
can be called a hybrid. Composite materials consist of a matrix and a rein-
forcement, that can be either fibrous or particulate. While heterogenous on a
microscopic scale, a composite material behaves as a homogenous continuum
on a macroscopic scale and can be described by its own set of mechanical and
physical properties (Ashby, 2011).

The definition of hybrid materials is not constrained to macroscopic homogeneity.
Consequently, materials that are inhomogenous on a macroscopic scale can also
fall in the category of hybrid materials. One such example is a sandwich structure
consisting of two face plies and a core material. When applying a bending load,
which represents the most prominent load case for sandwich structures, both
components fulfill different tasks within the hybrid. The main task of the core
material is the separation of the face plies to increase the geometrical moment of
inertia, whereas the face plies themselves carry the large share of the load. The
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Figure 2.1: Modulus-density space containing common engineering materials as well as holes that
show potential for material development (Ashby, 2011).

core material therefore has to be light, while being stiff and strong enough to carry
shear stresses, whereas the face layers must feature high stiffness and strength
under tension or compression, respectively. A corresponding sandwich structure
has the potential to fill the upper left hole in Figure 2.1, with the core having
low density and the surface plies having a high Young’s Modulus. The individual
materials forming a macroscopically inhomogenous hybrid can be monolithic,
but also composite materials (Henning et al., 2011). In the sandwich structure
example, the face sheets themselves can be FRPs.

In this thesis, only polymer-based fiber composites are considered. To avoid
confusion, the term hybrid composite is used henceforth to describe a polymer-
based composite containing two different types of fibrous reinforcement (e.g.
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carbon and glass), that can be either continuous or discontinuous. Different
possible configurations of hybrid composites are depicted in Figure 2.2. A crucial
aspect in hybrid composites is the dispersion of the different fiber types. It is
defined as the reciprocal of the smallest repeat length and is thus a measure for
how well the fiber types are mixed. In Figure 2.2, the dispersion increases from

(a) to (d).
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Figure 2.2: Possible configurations of hybrid composites featuring different degrees of dispersion
(a) two layers, (b) alternating layers, (c) bundle-by-bundle dispersion and (d) completely
random dispersion (Swolfs et al., 2014). The white and black circles represent two
different fiber types.

2.1.2 Evaluation of hybrid materials

Even though hybrid composites can be heterogenous on a macroscopic scale,
there is merit for treating them as homogenous materials with their own effective
properties. In this way, the mechanical behavior of hybrid composites can be
compared with that of the individual components (Ashby, 2011). Depending on
the material configuration, the way the materials are combined and depending
on the use case, different possibilities arise for the effective properties, that can
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be achieved. Ashby (2011) defined four scenarios, each typical for a different
material combination and use case, that are shown in Figure 2.3.

Material

| Greatest
of both

Rule of
mixtures
Harmonic
mean \
Least
of both

Material

Property P,

Property P,

Figure 2.3: Possible effective properties of hybrid materials resulting from the properties of the
individual components (Ashby, 2011).

The best of both scenario is often achieved when the bulk material properties of one
component are combined with the surface properties of the second component
(e.g. zinc-coated steel, featuring the high mechanical properties of steel and
the corrosion resistance of zinc). The rule of mixtures scenario states, that
the effective properties correspond to the arithmetic average of the properties
of the components, weighted by their volume fractions. This is the theoretical
maximum that can be achieved when combining the bulk properties of the different
components. For example, the tensile modulus of elasticity of unidirectional FRPs
is close to the rule of mixtures. Sometimes the effective properties of hybrids
are dominated by the weaker link with effective properties being below the rule
of mixtures and rather close to the harmonic mean scenario. Such a behavior
can be found, for example, in particulate composites. The least of both scenario
is achieved when one component of a hybrid is designed to fail early to fulfill a
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certain function. An example is a wax-metal hybrid for fire sprinkler systems,
whose function is determined by the melting point of the wax.

Prior to analyzing hybridization effects in terms of mechanical properties, there
must be clarity about whether the individual components perform different tasks
(as in the case of zinc-coated steel) or the same task (as when combining bulk
properties of different components). In the latter case, the effect of hybridization
can be expressed by a positive or negative deviation of the considered material
property from a linear rule of mixtures (Marom et al., 1978; Summerscales and
Short, 1978), as depicted in Figure 2.4a. However, while the linear rule of mixtures
is suitable to determine elastic properties in the longitudinal direction when the
different components are arranged in parallel (Trauth, 2020), other mechanical
properties, such as strength, cannot be approximated in a similar way (Huang and
Zhou, 2012). Manders and Bader (1981), who studies hybrid glass/carbon fiber
composites, found the strength to rather follow a bilinear rule of mixtures.

An effect of hybridization can also be expressed by an enhancement of a certain
property of the hybrid material with respect to one of the components, which serves
as a reference (Yahaya et al., 2014; Trauth, 2020), as depicted in Figure 2.4b. In
this example, the hybrid material’s strength increases with respect to material 2,
which can be considered a positive hybridization effect. Furthermore, the hybrid
material’s failure strain increases with respect to reference material 1, which can
also be considered a positive hybridization effect. This approach is easier to
implement and can also be used for a broader range of properties.

2.1.3 Effects of hybridization

Several researchers investigated effects of hybridization while most of them fo-
cused on hybrid composites combining different continuous fiber reinforcements.
Early investigations were concerned with the failure strain enhancement of car-
bon fibers when combined with glass fibers (Hayashi, 1972). One reason for
this effect is a change in the way damage develops, which can be traced back to
the statistical nature of the carbon fibers’ strength (Swolfs et al., 2014). When
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Figure 2.4: Definitions of hybridizations effects in terms of (a) a positive or negative deviation from
the linear rule of mixtures and (b) a deviation of a distinct property of the hybrid with
respect to one of the components serving as reference.

applying a strain to a unidirectional carbon fiber composite, first fibers start to
fracture locally at some point. The fiber breaks are randomly distributed in the
volume. Neighboring fibers will be subjected to stress concentrations and locally
take over the additional load, which leads to an increasing failure probability in
the neighboring fibers. Further strain enhancement leads to an increased failure
probability of the neighboring fibers, which results in the development of broken
fiber clusters. Once those clusters reach a critical size, they grow in an unstable
manner, which results in final failure (Talreja, 1981). Hybridization with more
ductile glass fibers can lead to a reduction of the stress concentrations, which in-
terferes with the cluster development, and can also bridge the more brittle carbon
fibers, leading to an increased critical cluster size. The remaining carbon fiber
fragments, that are still fully involved in the load transfer at a certain distance
from the location of fracture, feature a higher failure strains, as their weakest link
got eliminated already. Ultimately, the hybrid fails more gradually (Swolfs et al.,
2014).
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Furthermore, residual stresses also contribute to the hybridization effect on the
failure strain (Swolfs et al., 2014). They result from the manufacturing process
due to different coefficients of thermal expansion of the different fibers. During
the manufacturing process of carbon/glass hybrid composites, temperature is
increased to cure the resin matrix which results in an elongation of the glass
fibers, whereas the carbon fibers almost maintain their length or even shorten to
a small degree. After the resin is cured and the composite is cooled down, the
glass fibers would shrink again, if they were not constrained by the surrounding
material. This results in the establishment of a force equilibrium putting tensile
stresses on the glass fibers and compressive stresses on the carbon fibers. The
compressive stresses counteract the applied stress, which results in an apparent
increase in failure strain of the carbon fibers (Swolfs et al., 2014). However, the
effect of residual stresses is insufficient to explain the full hybrid effect (Zweben,
1977; Manders and Bader, 1981).

Effects of hybridization depend on various factors, such as the relative amount of
fibers, their elastic properties, the failure strain ratio, the fiber strength distribution
and the degree of dispersion (Swolfs et al., 2014). Due to the complexity of many
parameters, prediction of hybridization effects remains challenging. Furthermore,
most studies focus on the hybridization effect on failure strain. If failure strain is
enhanced, a corresponding increase in tensile strength may be expected, when the
fibers deform in a linear elastic manner. However, the reason for the failure strain
enhancement is mainly attributed to a more gradual failure, meaning that the last
part of the stress-strain curve is not linear anymore, as depicted in 2.4b, and may
even reach a plateau.

Only few studies on the effect of hybridization with regard to fatigue properties ex-
ist. Dickson et al. (1989) carried out tension-tension fatigue tests on glass/carbon
hybrid composites in an alternating layer configuration (cf. Figure 2.2b) with
different fiber volume ratios. The fatigue strength for a given number of cycles
to failure varied linearly with the relative volume ratio of the fibers. Since the
tensile strength did not vary in a linear but rather in a bilinear way with this
ratio, a positive hybridization effect on the fatigue resistance was implied (Figure
2.5a). The effect was observed for both unidirectional and quasi-isotropic layups.
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Since the authors noted that a linear rule of mixtures may not be appropriate for
evaluation of fatigue resistance, hybridization effects were additionally evaluated
based on the fatigue ratio, which was defined by the fatigue stress at a given
number of cycles divided by the monotonic tensile strength (Figure 2.5b). The
hybrid composites featured a higher fatigue ratio than both single-fiber CFRP and
GFRP composites. Dickson et al. (1989) further noticed increased scatter of the
stress-life data compared to the single-fiber composites.
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Figure 2.5: Hybridization effect on the fatigue response of hybrid glass/carbon composites expressed
in terms of (a) deviation from the linear rule of mixtures and (b) the fatigue ratio (Dickson
et al., 1989).

Hofer et al. (1978) studied quasi-isotropic glass/carbon epoxy hybrids in alternat-
ing configuration and found the tensile fatigue behavior to be comparable to that
of CFRP when using a carbon to glass ratio of 2:1. Hofer et al. (1978) named
the uniform distribution of plies as a crucial factor for the good performance and
indicates that sandwich-like constructions have a severe modulus mismatch at the
interface, which leads to high interlaminar shear stresses promoting earlier failure.
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2.2 Sheet molding compound composites

2.2.1 Discontinuous SMC composites

Sheet molding compounds (SMC) are thermoset semi-finished materials con-
taining discontinuous fiber bundles with a typical length of 25.4 mm (1 inch) or
50.8 mm (2inches) at a fiber weight fraction between 10% and 65 % (Orgéas
and Dumont, 2011). Usually, SMC is processed by compression molding into
predominantly shell-shaped geometries. Various types of fiber reinforcements
can be used with glass fibers being the most common choice. In most cases, the
thermoset resin is either polyester, vinyl ester or epoxy resin containing various
additives (initiators, inhibitors, thickeners and mold release agents) and fillers
(e.g. calcium carbonate) to prevent shrinkage during molding, thereby enabling
the production of Class-A surfaces (Orgéas and Dumont, 2011). In addition to
conventional SMC, there are also alternative material compositions that aim to
further improve the mechanical properties (cf. Section 2.2.1.5).

2.2.1.1 Manufacturing

Manufacturing of SMC components includes two process steps: Manufacturing
of SMC semi-finished sheets and compression molding (Orgéas and Dumont,
2011). In the first step of compounding, the resin system is applied to a carrier
foil. Glass fiber bundles are cut to the desired length by a cutting unit and fall
onto the carrier foil in almost transverse isotropic alignment. A second carrier
foil with the resin system is placed on top of the lower foil before the sandwich
passes through the calendering zone, which ensures a good impregnation of the
fibers. Subsequently, the material is rolled up and left for maturation for several
days. After maturation, the material is cut into sheets, then freed from the carrier
foil and ultimately stacked into packages of several plies. The so-called initial
charge is placed into the mold typically covering 30 % to 70 % of the mold surface.
The mold is closed and the material flows into its final shape. The flow causes a
certain re-orientation of the fiber bundles, which affects the local microstructure.
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This process is strongly influenced by the temperature rise that varies across
the thickness direction (Ehrenstein, 2006), resulting in plug flow in the core and
preferential flow near the mold surface. The resulting material microstructure
is mainly characterized by preserved fiber bundles (Meyer et al., 2020) oriented
predominantly in flow direction, while in a small region near the charge-mold
interface the bundles are broken up roughly and the fibers exhibit strong curvature
(Le et al., 2008). Cross-linking of the thermoset eventually leads to a solid part.
Solidification takes about 1 min to 5 min, depending on the thermoset matrix and
part thickness (approximately 1 min per mm thickness).

2.2.1.2 Mechanical properties

Standard SMC composites used in the automotive industry are produced with an
isotropic fiber distribution and have a rather low fiber content due to the use of
fillers, that are added to obtain a good surface quality. By increasing the fiber con-
tent and simultaneously reducing the filler content (Taggart et al., 1979; Riegner
and Sanders, 1979; Trauth, 2020) and by partially aligning the fibers in loading
direction during the molding process (Trauth, 2020), mechanical properties can be
significantly improved. To give a rough overview of the mechanical performance
of quasi-isotropic polyester-based SMC that is typically used in the automotive
industry compared to partially aligned SMC based on an unsaturated polyester-
polyurethane hybrid (UPPH) resin without fillers in 0° and 90° direction, the
corresponding tensile and flexural properties are summarized in Table 2.1. As a
result of the partial alignment of the fibers in the UPPH-based SMC described by
Trauth (2020), the mechanical properties are higher in flow direction (0° direction)
compared to transverse direction (90° direction). Due to the high fiber volume
content, mechanical properties in 90° direction are still comparable to those of
the quasi-isotropic SMC studied by Orgéas and Dumont (2011), despite the less
favorable fiber orientation.
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Table 2.1: Tensile (Eens) and flexural (Egex) modulus of elasticity, as well as ultimate tensile strength
(UTSS) and ultimate flexural strength (UFS®) at quasi-static strain rate of polyester-based
SMC with a nominal glass fiber content of 25 wt.-% and fillers (calcium carbonate) with
an approximately isotropic fiber orientation (Orgéas and Dumont, 2011) and properties of
UPPH-based SMC in 0° and 90° direction with a nominal glass fiber content of 41 wt.-%
(without fillers) that experienced one-dimensional flow (Trauth, 2020).

Orgéas and Trauth (2020) Trauth (2020)

Dumont (2011)
Resin Polyester UPPH UPPH
Fiber content in wt.-% 25 41 41
Fiber orientation quasi-isotropic 0° (1D flow) 90° (1D flow)
Etens in GPa 10 13.1 9.5
Efqex in GPa 10 12.6 9.1
UTS® in MPa 75 177 90
UFSS in MPa 170 283 170

2.2.1.3 Viscoelastic behavior

The values stated in Table 2.1 were determined at quasi-static strain rates and
ambient temperature. Jendli et al. (2004) showed that the mechanical behavior
of unsaturated polyester-based SMC with 26 wt.-% fibers and calcium carbonate
fillers is strongly strain rate-dependent. In corresponding studies, an increased
strain rate resulted in a delayed onset of damage and ultimate failure at higher
stresses and strains. Furthermore, stiffness and strength of SMC is temperature-
dependent, as shown by Denton (1979) (Figure 2.6), who studied polyester-based
SMC with different fiber volume fractions and calcium carbonate fillers. Above
room temperature, strength decreased at a high rate with increasing temperature,
whereas the temperature-dependence was less pronounced at lower temperatures.
Heimbuch and Sanders (1978), who studied different types of SMC with respect to
the matrix system, observed no temperature dependence of tensile strength below
room temperature and an increasing influence at about 50 °C for epoxy-based
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SMC, while polyester-based SMC showed a pronounced temperature dependence,
even at subambient temperatures.

400
Tensile load
350F e — — Compressive load
........................... Flexural load
g300- e
D
= - e
=250 =< T
0 = =<
f=] ~
o ~
£200 - S o
~
~
150 T~
100 1 1 1 1 1 1
-50 -25 0 25 50 75 100 125

temperature in °C

Figure 2.6: Temperature influence on the tensile, compressive and flexural strength of polyester-based
SMC according to Denton (1979).

2.2.1.4 Damage mechanisms under tensile load

The predominant damage mechanisms in SMC are matrix cracking and fiber-
matrix debonding. Interface failure between overlapping fiber bundles, hereinafter
referred to as pseudo-delamination, can also be observed, usually immediately
prior to final failure (Trauth, 2020). Fiber bundle fracture is rarely observed
(Wang and Chim, 1983; Trauth, 2020). Transverse matrix cracks are induced in
matrix-rich regions or in fiber-rich regions where fibers are oriented in loading
direction. These cracks form abruptly due to the brittleness of the matrix and
arrest at fiber bundles. If fiber bundles are oriented at an angle to the loading
direction, microcracks tend to grow along the interface between fiber and matrix.
Figure 2.7 shows a stress-strain curve typical for SMC with a knee point at a
stress that is dictated by the strain rate. A similar behavior is already known from
studies on cross-ply laminates described by Puck (1967).
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Figure 2.7: Schematic stress-strain curve of SMC, according to von Bernstorff (1989), showing the
characteristic knee point and an enlarged view on the small stiffness drops caused by
multiple cracking, that lead to a successive decrease of the curve.

No significant damage occurs within the first linear range. When reaching the
so-called knee stress, the formation of multiple matrix cracks leads to a gradual
stiffness decrease. This was demonstrated for example by von Bernstorff (1989),
who combined tensile tests with acoustic emission analysis and observed, that
no acoustic emission was measured in the linear elastic strain range, while the
knee point correlated with an abrupt strong increase of acoustic emission. Von
Bernstorff (1989) and Wang and Chim (1983) also found a link between the
knee point and multiple cracking in fractographic analysis. Since the energy
necessary for arrested cracks to grow further is very high, additional loading
leads to new cracks initiating at different locations. Multiple small drops in the
stress-strain curve, caused by multiple cracking, lead to a decreasing slope of
the macroscopic curve (Owen, 1982). Shortly before final failure, large-scale
interfacial bundle-matrix debonding (referred to as pseudo-delamination) and
pull-out of fiber bundles dominate the failure process (Trauth, 2020) and lead to
a loss of load-bearing capacity.
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2.2.1.5 Recent developments

Several documented approaches were aiming to improve the mechanical perfor-
mance of SMC composites and thus facilitating their use for structural applica-
tions. One approach is the increase of fiber volume content (Shirinbayan et al.,
2015, 2017) together with a reduction of the filler content. Another approach is
to align the discontinuous fibers in loading direction, which can be done either by
introducing discontinuity into aligned continuous fibers by breaking and cutting
(Taketa et al., 2008), or by aligning short fibers using fluid, acoustic, electrical,
or mechanical mechanisms (Such et al., 2014). Combining a glass fiber and a
carbon fiber reinforcement (Wulfsberg et al., 2014) or using carbon fibers exclu-
sively (Nony-Davadie et al., 2019) are other approaches, that have been pursued
increasingly in recent years. Finally, combining discontinuous SMC with con-
tinuous reinforcement offers the possibility of producing parts with high stiffness
and strength while retaining the advantages of conventional SMC (Bdhlke et al.,
2019). This approach is discussed in detail in Section 2.2.3. In light of the recent
progress made in SMC technology, SMC composites are considered as equally
suitable candidates for structural applications and might even enter the aerospace
industry in the near future (Wulfsberg et al., 2014).

2.2.2 Continuous SMC composites

For a long time, a major hurdle in the automotive industry was the development of
faster production processes for continuous FRP parts based on thermosets, which
require time to cross-link. A conventional prepreg part cured in an autoclave has
production cycles that are usually measured in hours. Since the development of
non-autoclave processes and fast-curing resins, continuous FRP structures can be
produced cost-effectively and with shorter cycle times (Malnati, 2015). One of
these processes is prepreg compression molding, in which specifically formulated,
pre-shaped CFRP prepregs can be molded into simple geometries.
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An adapted SMC process for the production of unidirectional carbon fiber SMC
based on an UPPH resin was presented by Biicheler and Henning (2016). In
this process, unidirectional fabric is fed to a slightly modified conveyor belt.
The resin is a two-step curing system providing a stable and highly viscous
B-stage that is beneficial for cutting, preforming and handling (Trauth, 2020).
This stage is achieved by raising the temperature after impregnating the fibers to
initiate cross-linking reactions, which are then stopped in a controlled manner
by cooling the material back to room temperature. Continuous SMC parts can
subsequently be produced by compression molding with mechanical properties
similar to those of CFRPs produced by conventional autoclave-based methods
(Trauth et al., 2016). The material also offers the possibility for co-molding with
discontinuous SMC, as both share the same resin system. Due to the flowability
of discontinuous fibers, this in turn enables the production of more complex
parts with a local reinforcement for improved mechanical performance: so-called
continuous-discontinuous SMC (cf. Section 2.2.3).

2.2.3 Continuous-discontinuous SMC composites
2.2.3.1 Existing concepts and preliminary investigations

The idea of reinforcing discontinuous glass fiber SMC with unidirectional carbon
fibers for the cost-efficient achievement of excellent mechanical properties is not
new, in general. In the 1970s, the automotive industry became increasingly inter-
ested in reducing vehicle mass by replacing metal parts with FRPs, particularly
because of a federal law that set fuel economy standards for passenger cars in
terms of minimum miles per gallon (US Congress, 1975). Glass fiber compos-
ites are cost-effective, but stiffness is frequently a critical aspect in automotive
applications. The excellent mechanical properties of continuous carbon fiber
composites and their potential for weight saving were highly recognized at that
time, but the high cost of carbon fibers limited their use in automotive compo-
nents. It became obvious that a combination of low-cost glass fiber composites
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and high-performance carbon fibers would be the most feasible approach to re-
tain cost effectiveness. It was also recognized that aerospace-typical designs and
manufacturing methods were not suitable for automotive applications.

To the authors knowledge, the first research activities on such a hybrid approach
and its possible applications in the automotive sector, were reported at the me-
chanical session "Composite Materials in the Automobile Industry" held in San
Francisco in 1978 (Kulkarni et al., 1978). Kliger (1978) investigated materials
with a core of randomly oriented chopped glass fibers in a polyester or fast-curing
epoxy matrix and unidirectional or bidirectional (0° on the outside and 90° on the
inside) carbon fiber face sheets. The preimpregnated glass fibers were cured in a
compression mold together with stacks of carbon fiber prepreg (one to four plies
on each side). Kliger (1978) examined tensile and flexural properties for different
sandwich thicknesses, ratios of carbon to glass fiber plies, as well as glass fiber
orientations. An overview of the investigated properties for the epoxy-based and
the polyester-based hybrid composites with different ratios of chopped glass and
unidirectional carbon fibers is provided in Table 2.2 and Table 2.3, respectively.

Chamis and Sinclair (1978) already considered local carbon fiber reinforcements
in structures made of chopped glass fiber SMC, which were referred to as strip
hybrids. They presented a computational study, in which they subjected a strip
reinforced random composite square panel to static, cyclic or impulsive loads
to demonstrate their structural efficiency. The matrix system considered for the
study has not been specified.

Another approach to generate continuous-discontinuous SMC followed by Jutte
and Fiberglas (1979), who presented a process to manufacture advanced SMC
consisting of a discontinuous glass fiber reinforcement combined with continu-
ous glass fibers of variable fiber volume contents. The different reinforcement
types were already combined during manufacturing of the semi-finished sheets on
the conveyor belt (Figure 2.8). A high-reactivity isophthalic polyester resin was
used as the matrix material. Jutte and Fiberglas (1979) reported superior tensile
properties compared to SMC with an entirely discontinuous reinforcement, but
at the expense of flowability. Compared to an entirely continuous reinforcement,
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Figure 2.8: Modified SMC line to manufacture continuous-discontinuous semi-finished sheets for
compression molding presented by Jutte and Fiberglas (1979).

processing and charge handling prior to molding was improved, transverse me-
chanical properties were enhanced and the feasibility to incorporate minor bosses
and ribs was increased.

Further investigations of the mechanical properties of continuous-discontinuous
FRPs with glass fibers being used as continuous and discontinuous reinforce-
ment followed by Taggart et al. (1979), Riegner and Sanders (1979), Kay (1982),
Sridharan (1982), Kundrat et al. (1982), Springer (1983) and Mallick (1986).

Taggart et al. (1979) studied mechanical properties of polyester-based SMC with
different fiber volume fractions as well as a hybrid composites with 30 wt.-%
chopped glass fibers and 20 wt.-% continuous glass fibers under tension and
compression load. The authors reported a significant increase of the material’s
stiffness and strength in the fiber direction while transverse tensile modulus and
strength were not significantly affected.

Riegner and Sanders (1979) characterized the fatigue behavior of similar polyester-
based hybrid composites under tension-tension load at 5 Hz in longitudinal and
transverse direction. Fatigue tests were carried out at ambient temperature and at
90 °C. The authors found that the slope of the longitudinal stress-life (S-N) curve
was higher compared to the slope of the transverse curve. However, relative to the
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ultimate static tensile strength (UTSS), the fatigue behavior was similar in both
directions. The modulus decay was found to be higher in transverse direction
compared to the longitudinal direction. At a stress level of 40 % UTSS, 93 % of
the initial modulus was retained after 10 cycles in longitudinal direction and 50 %
in transverse direction. In longitudinal direction, the fatigue behavior at 90 °C
was similar to that observed at room temperature, while the material showed a
temperature-dependent behavior in transverse direction.

Kay (1982) investigated the mechanical properties of hybrids with a chopped glass
fiber-reinforced core and a continuous glass fiber-reinforced skin with varying
layup sequences. The matrix was a low-profile isophthalic polyester resin without
fillers. Tensile, compressive, flexural, shear and impact strength, as well as
Poisson’s ratio were determined. Mechanical properties of the hybrid laminates
increased by factors of two to four compared to purely discontinuous reinforced
SMC. Kay (1982) also reported that the continuous fibers retarded the matrix
damage that regularly occurs early in the strain history of discontinuous SMC.

Sridharan (1982) focused on modeling the linear elastic behavior of continuous-
discontinuous glass fiber-reinforced composites as laminates of plies with different
reinforcement types in a vinyl ester matrix. The elastic moduli of different hybrid
compositions could successfully be calculated from the constituent plies. Strength
calculations only provided useful estimates of the tensile strengths.

Kundrat et al. (1982) studied the fatigue damage behavior of two different
continuous-discontinuous glass fiber-reinforced composite materials based on
a vinyl ester resin with a small amount of calcium carbonate fillers. The first
material system contained 60 wt.-% continuous glass and 5 wt.-% randomly ori-
ented fibers. The second material contained 45 wt.-% continuous and 20 wt.-%
randomly oriented fibers. Discontinuous fibers featured a length of 25.4 mm.
The outer plies of the symmetric laminates contained short random fibers in
both cases. S-N curves were determined for both material systems by testing
at maximum stresses between 20 % and 80 % UTSS at a stress ratio of R=0.05
and a frequency of 3.3 Hz for high stress levels and 10 Hz for low stress levels.
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Residual strength, stiffness and damping measurements were carried out to inves-
tigate the degradation behavior. In both cases, the material sustained more than
3 - 10° cycles at stresses that corresponded to 38 % UTSS. No investigations were
pursued with composites containing solely unidirectional or randomly oriented
fibers. Effects of hybridization could thus not be examined.

Springer (1983) investigated effects of moisture and temperature on the proper-
ties of polyester-based continuous-discontinuous SMC. The properties surveyed
include tensile strength and modulus, compression strength and modulus, shear
strength and modulus, flexural strength and modulus, fatigue, creep, vibration
damping, moisture absorption characteristics and thermal expansion. Results on
the effect of temperature reported by Springer (1983) are presented in Section
2.3.43.

Mallick (1986) was concerned with the effect of cross-flow when co-molding
continuous-discontinuous SMC. The sheets were produced on a SMC machine
that added a layer of continuous E-glass fiber rovings on top of a layer of ran-
domly oriented chopped E-glass fiber strands. The matrix was a vinyl ester resin.
Continuous fiber buckle and bow-out in the direction of cross-flow was observed
for two different fiber architectures with the continuous fibers being oriented uni-
directionally and X-patterned, respectively. The influence of fiber misorientation
on the mechanical properties was investigated in tension tests.

Although the advantages of continuous-discontinuous FRP could be clearly set
out, no further research activities were published in the following decades. In
2014, a process for hybrid compression molding of unidirectional carbon fiber
prepreg and discontinuous carbon fiber SMC was presented by Akiyama (2014).
The matrix was a bisphenol A type epoxy resin, which was optimized for both the
preform and the compression molding process. Bending tests were carried out on
specimens with several laminate designs and an increase of strength or stiffness
was observed when positioning the prepreg on the crosshead or support side of the
specimen respectively. Prepreg reinforcement of SMC also reduced the variation
of mechanical properties. Furthermore, a hybrid structural floor model part for
automotive applications was developed. The interface strength between prepreg
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and SMC of a co-molded part was superior compared to an adhesively bonded
structure when tested at elevated temperatures.

Tension and bending tests on hybrid materials containing unidirectional and ran-
domly oriented discontinuous glass fibers in an epoxy matrix were carried out
by Selmy et al. (2011) on different layups to investigate the effect of stacking
sequences and relative volume fraction of randomly oriented fibers on the tensile
strength, tensile modulus, Poisson’s ratio, bending strength and bending stiff-
ness. In 2012, the same research group investigated the in-plane shear properties
(Selmy et al., 2012a) and the interlaminar shear properties (Selmy et al., 2012b)
of the same hybrid materials. They observed that forming hybrid composites with
random glass fibers considerably improved in-plane shear properties of unidirec-
tional fiber composites. In contrast interlaminar shear strength of unidirectional
composite did not benefit from a hybrid configuration and was higher than both,
that of the hybrid as well as that of the random composite.

Waulfsberg et al. (2014) took up the idea of co-molding discontinuous SMC
and unidirectional or woven prepreg with the continuous plies being positioned
in the core of the laminate. In contrast to the work of Selmy et al. (2011),
carbon fibers were used for both types of reinforcements and an unsaturated
polyester resin served as matrix material. The positive effect of hybridization
on mechanical properties was demonstrated by means of tension and bending
tests. Further studies were conducted by the same research group to develop an
appropriate manufacturing procedure (Fette et al., 2016) and a microstructural
modeling approach for the prediction of the elastic properties (Fette et al., 2017).

Gortner et al. (2015a) analyzed a hybrid material combining discontinuous SMC
composites based on an unsaturated polyester resin reinforced with non-crimp
glass or carbon fiber fabrics that were impregnated during the molding process.
Different symmetric and asymmetric layups were analyzed. Strong focus was set
on the impregnation behavior of the dry fabric depending on the filler content
in the SMC semi-finished material. Tension and bending properties as well as
Charpy impact resistance and puncture resistance were determined (Gortner et al.,
2015b).
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Corbridge et al. (2017) co-molded unidirectional carbon fiber prepreg and ad-
vanced SMC made from chips of unidirectional prepreg. The matrix was a fast
curing epoxy resin. The authors investigated the effect of the SMC flow on the
unidirectional fiber architecture and showed that the composite stiffness followed
a simple rule of mixtures. However, when the unidirectional fibers were oriented
transverse to the SMC flow direction, the stiffness of the specimens was lower
and showed higher variability compared to specimens where fibers were aligned
in flow direction due to fiber rotation and transverse shearing of the unidirectional
plies.

Evans (2018) investigated a hybrid material combining epoxy-based discontinu-
ous carbon fiber molding compound and continuous carbon fiber patches. The
discontinuous compound was manufactured in a direct fiber compounding process
in which chopped fibers were depositioned while epoxy was applied simultane-
ously as a liquid resin spray. For the local reinforcement, carbon fiber textile was
used, that was impregnated in the same manner. The author investigated tensile
and bending properties of symmetric and asymmetric layups, interface properties
between the continuous and discontinuous fibers and also performed drop weight
impact and compression after impact tests. A second area of interest was the
effect of different ply layups in the transition zone from the continuous plies to
the discontinuous material on mechanical properties. Different ply step sizes and
ply drop strategies were examined under axial loads.

Recently, Gan et al. (2019) presented a method to dry-align discontinuous car-
bon fiber tows between E-glass chopped strand mats or woven fabrics to man-
ufacture hybrid composite plaques in an out-of-autoclave vacuum-assisted resin
infusion process, using epoxy as the matrix. Tension tests on non-hybrid chopped
carbon strand mats as well as hybrid materials with aligned and randomly ori-
ented chopped fibers showed that an alignment resulted in enhanced stiffness and
strength compared to the non-aligned hybrid. A comparison with the non-hybrid
material showed enhanced stiffness of the aligned hybrid as well as a more ductile
behavior due to subcritical damage mechanisms, in contrast to the catastrophic
brittle failure of the non-hybrid composites.
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Since 2015, the international research training group GRK 2078 "Integrated engi-
neering of continuous-discontinuous long fiber-reinforced polymer structures" has
been working on continuous-discontinuous SMC in terms of design, manufactur-
ing, simulation and characterization to contribute to a fundamental understanding
of the material system (Bohlke et al., 2016).

Within this scope, Biicheler and Henning (2016) investigated the influence of
the matrix system and the position of the initial SMC charge on the position
and alignment of continuous prepreg carbon fiber patches, that were co-molded
together with discontinuous glass fiber SMC. The highly viscous B-stage of the
UPPH resin (presented in Section 2.2.2) resulted in a strong flow resistance during
compression molding and thus improved the position and alignment of the patch
in the final plaque.

Followed by the investigation of Biicheler and Henning (2016), Trauth (2020) ex-
tensively studied UPPH-based continuous-discontinuous SMC and made signifi-
cant contributions towards an understanding of structure-property relationships of
hybrid composites by investigating microscopic aspects and macroscopic behavior
at coupon, structure and component level. Besides studying mechanical proper-
ties, modeling approaches were discussed. The hybrid material’s microstructure
was characterized by means of 1CT scans. Trauth and Weidenmann (2018) found
a transition zone at the interface between the continuous and discontinuous plies
that was characterized by split up fiber bundles. A similar, albeit less pronounced
effect could be observed in the near-mold surface of discontinuous SMC, as was
demonstrated for example by Le et al. (2008). Results from quasi-static tension and
compression tests were also presented by Trauth and Weidenmann (2018). Com-
pared to discontinuous SMC, the hybrid material showed a significant increase of
171 % and 151 % in tensile and compressive moduli of elasticity, respectively, and
an increase of 204 % in tensile strength. The damage behavior was clearly domi-
nated by the continuous plies. Damage evolution was characterized by progressive
failure of the continuous carbon fibers starting from the specimen edges, followed
by interlaminar delamination and final failure of the discontinuous ply due to
extensive pseudo-delamination and fiber pull-out. Effects of hybridization were
even more pronounced under bending load. Flexural stiffness of the hybrid SMC
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increased by 370 % and flexural strength by 101 % compared to the discontinuous
reference material (Trauth, 2020). Effects of hybridization were also demon-
strated on component level (Trauth et al., 2018). Four-point bending tests were
carried out on a discontinuous SMC component with and without local contin-
uous carbon fiber reinforcement. An increase of mechanical properties resulting
from the continuous reinforcement was demonstrated. Furthermore, puncture
tests were carried out by Trauth et al. (2019). In these tests, hybridization was
found to have a positive effect on the maximum force and energy, especially for
quasi-static loading rates. Recently, Trauth et al. (2021) published results from a
dynamic-mechanical-thermal analysis of UPPH-based continuous-discontinuous
SMC. The glass transition temperature of the hybrid material was comparable
to the glass transition temperature of discontinuous SMC. Comparing results of
the hybrid with those of continuous carbon fiber SMC, the decrease of storage
modulus was shifted towards higher temperatures and damping was significantly
increased.

2.3 Fatigue behavior of fiber-reinforced
polymers

2.3.1 General aspects

Fatigue of FRP composites presents an enormous challenge, given the number
and variety of parameters that can potentially affect the underlying mechanisms.
Even though FRP composites are well rated in terms of their fatigue properties,
the onset of damage at an early stage of service life leads to a gradual reduction in
mechanical properties (Degrieck and van Paepegem, 2001). The failure criterion
of a composite component needs not necessarily be defined by a complete loss of
its load-bearing capacity. A certain degree of stiffness loss, for example, might
also be critical for certain applications. Lack of knowledge regarding the damage
mechanisms under cyclic loading and their influence on the degradation behavior
of FRPs usually results in large safety factors. Consequently, composite structures
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are often overdesigned and extensive prototype testing is performed to provide a
reliable service lifetime prediction. Better understanding of the damage behavior
and development of accurate lifetime prediction models are crucial for a more
economic use of FRP composites.

According to Ehrenstein (2006), analyzing the fatigue behavior of FRP compos-
ites ideally includes the definition of macroscopic strength-fatigue criteria (S-N
curves), the characterization of the degradation behavior of stiffness and residual
strength and the determination of the actual damage mechanisms and damage
evolution. Determination of S-N curves is relatively easy to implement by loading
different specimens of a distinct material with different constant amplitudes and
determining the number of cycles to evoke ultimate failure. The experimental
effort is increased if the failure criterion is not defined by a complete loss of
load-bearing capacity of the specimen, but, for example, by a certain permissible
decrease in stiffness or strength.

To determine a residual strength curve for an individual stress level, several
specimens have to be fatigued at the considered constant stress amplitude, until
cyclic loading is interrupted after different predefined numbers of cycles. The
residual strength can then be determined in a subsequent tensile test for each
specimen. If different stress levels are to be considered, the experimental effort
grows considerably large.

Stiffness degradation can be determined non-destructively during the fatigue test.
The determination of stiffness degradation curves requires a suitable strain mea-
surement system (e.g. a clip-on extensometer) and the definition of a stiffness
parameter. The stiffness of a material is usually described by the Young’s Mod-
ulus. According to DIN EN ISO 527-1, the Young’s Modulus is determined
by

p=22"%1 Q2.1
Eg — &1
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with o1 being the stress inMPa at ¢; = 0.0005 (0.05 %) and o5 being the
stress inMPa at e = 0.0025 (0.25 %). In tension-tension fatigue tests that
are carried out at stress ratios other than R = 0, the material’s strain response
might be outside the defined region, which prevents a continuous measurement of
Young’s Modulus. Other parameters that are more suitable for fatigue testing are
the dynamic stiffness used for example by O’Brien and Reifsnider (1981), that
corresponds to the secant modulus of the hysteresis loop and is defined by

B ) ) e

or the fatigue modulus

max N
Eu(N) = Zm((m) 23)

defined by Hwang and Han (1986). Methods for determining underlying damage
mechanisms and monitoring damage evolution under fatigue loading are presented
in Section 2.4.

2.3.2 Fatigue of continuous FRP composites
2.3.2.1 Unidirectional FRP composites

The key damage mechanisms in unidirectional FRP laminae under tension-tension
fatigue load are fiber-matrix debond growth and fiber fracture, whereas the latter
is the most important one under on-axis loading (Talreja, 1981). Fiber fatigue
might also influence the mechanical response of a composite. Fiber fracture
occurs due to local stresses, caused for example by an externally applied load, that
exceeds the local strength of the weakest fiber. During the first cycles of a fatigue
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test, fiber fractures occur randomly distributed within the specimen volume. The
energy released by a fiber fracture is dissipated by fiber-matrix debonding, matrix
cracking and a plastic deformation of the matrix (Nairn, 1997; Laws and Dvorak,
1987). Further cyclic loading leads to a propagation of the debond. The crack tips
of debonds and matrix cracks cause local stress concentrations that induce further
fiber fracture close to the already broken fibers (Sgrensen and Goutianos, 2019).
Consequently, several fiber fracture clusters are formed and ultimate failure occurs
due to unstable growth of one fiber fracture cluster (Gamstedt, 2000).

Kawai and Yano (2016), Taheri-Behrooz et al. (2010) and Chen and Hwang
(2006) presented experimentally determined normalized S-N data of different
unidirectional carbon/epoxy FRP composites that are shown in Figure 2.9. The
properties of the fibers used by the different authors are listed in Table 2.4 together
with the corresponding nominal fiber weight fractions. The S-N data differed
significantly due to the use of different fibers, different fiber volume fractions and
possibly different fiber-matrix interface properties. However, fatigue strength at
approximately 10° cycles was between roughly 50 % to 65 % of the corresponding
ultimate tensile strength.

Table 2.4: Properties of the carbon fibers used by Kawai and Yano (2016), Taheri-Behrooz et al.
(2010) and Chen and Hwang (2006).

Kawai and Yano  Taheri-Behrooz =~ Chen and Hwang

(2016) et al. (2010) (2006)
Fiber type T80OH T700 T700
Fiber content 64 wt.-% 48-51 wt.-% 66 wt.-%
Tensile strength 5490 MPa 4900 MPa 4900 MPa
Tensile modulus 294 GPa 230 GPa 230 GPa
Elongation at break 1.9% 2.1% 2.1%

Several authors studied the fatigue behavior of unidirectional FRPs by means of
S-N curve-based models (Kawai and Yano, 2016) or micromechanics-based mod-
els that consider the propagation of the different fatigue damage modes (Sgrensen
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Figure 2.9: S-N data of different unidirectional carbon/epoxy composites obtained from tension-
tension fatigue tests (R = 0.1).

and Goutianos, 2019; Alves and Pimenta, 2018; Fazlali et al., 2021). But even
when accounting for all key damage mechanisms, it is still proven difficult to ac-
curately predict the material behavior characterized in experiments. One reason
might be the complex stress state near the clamps and the fact that there are still
uncertainties in terms of the fatigue behavior of single fibers as well as in the input
data for the debond growth rate (Fazlali et al., 2021).

2.3.2.2 Cross-ply laminates

Early studies on the fatigue behavior of cross-ply laminates presented in this sec-
tion were conducted by O’Brien and Reifsnider (1981), Highsmith and Reifsnider
(1982), Reifsnider et al. (1983), Talreja (1985) and Schulte (1987).

Reifsnider et al. (1983) discussed the mechanics of composite laminates under
tension-tension fatigue loading and distinguished three stages in the stiffness
degradation curve, as shown in Figure 2.10. In stage I, a rapid stiffness decrease is
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observed. Stage II is characterized by an approximately linear stiffness decrease,
whereas the degradation rate increases again in stage III before final failure.

A

stiffness

Stage | Stage 11 Stage 111

>
fatigue life

Figure 2.10: Characteristic degradation behavior of FRP according to Schulte and Stinchcomb (1984).

The damage mechanisms leading to stiffness degradation in a cross-ply laminate
are presented in Figure 2.11 (Schulte, 1987). The occurrence and interaction of
these mechanisms is strongly dependent on geometrical factors, such as stacking
sequence, specimen size and the presence of notches, the type of fibers and matrix,
as well as their respective fiber volume fractions, environmental factors such as
temperature and the surrounding media and finally the type of loading (Schulte
and Baron, 1989).

During the initial loading cycles of a tension-tension fatigue test, the initiation
and growth of multiple transverse cracks in off-axis plies results in an initial
decrease of stiffness in stage I. Crack growth is usually unstable due to the brittle
behavior of the matrix. The cracks grow immediately through the ply thickness
and arrest at adjacent plies. Depending on the fiber orientation, these cracks may
also grow unstably through the full width of the laminate (often observed in 90°
plies) or they might not grow across the whole width at all. The load at which first
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Figure 2.11: Damage mechanisms in a cross-ply laminate according to Schulte (1987).

ply cracks develop strongly depends on the laminate configuration, such as the
orientation, thickness and sequence of plies (Talreja and Singh, 2012). Garrett and
Bailey (1977) have shown that the thinner the constrained plies are, the greater
the constraining effect due to an adjacent uncracked ply and consequently the
higher the strain to initiate a transverse crack was. Conversely, the constraining
effect decreases for a comparatively thick constrained ply. Further cyclic loading
leads to the formation of new cracks between already existing ones. They usually
occur at regular intervals, which decrease as the number of cycles increases.
This process continues until a crack density is reached at which the distance
between two adjacent cracks is so small, that the tensile stresses in between
are no longer high enough to form new cracks. This state of saturated crack
density is called characteristic damage state (CDS). Stage II is dominated by the
formation of longitudinal cracks in the 0° plies and interlaminar cracks between
the differently oriented plies. The formation of longitudinal cracks is caused
by tensile stresses perpendicular to the loading axis due to the large Poisson
mismatch between the differently oriented plies. Interlaminar cracks are typically
observed at the specimen edges or at the intersection point of transverse cracks
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in one ply and longitudinal cracks in the adjacent ply. In stage III, these small
and isolated interlaminar cracks merge and form large delaminations, resulting in
localized loss of integrity. Further damage develops locally and is characterized
by extensive fiber fracture. The coalescence of locally damaged regions leads to a
significant reduction of the load-bearing cross-section and eventually to ultimate
failure. stage III involves only a small number of cycles. The onset of stage III is
highly stochastic by nature and thus difficult to predict.

2.3.3 Fatigue of discontinuous SMC composites

Investigations on the fatigue behavior of discontinuous glass fiber-reinforced ther-
mosets date back to the early 1970s. Howe and Owen (1972) presented a cumu-
lative damage study on chopped strand mat/polyester resin laminates, in which
the interaction of fatigue and creep loading as well as the effect of fatigue and
creep damage on the residual tensile strength was investigated. Accompanying
microscopic examinations indicated a correlation between resin cracking during
fatigue and a reduction of static tensile strength, while fiber-matrix debonding
did not diminish the static strength. Resin cracking was more pronounced under
fatigue than under monotonic tension load. Owen and Howe (1972) quantified
matrix cracks and transverse fiber debonding by examining the polished specimen
edges. Damage was found to be dependent on the individual microstructure, but a
normalized representation of the amount of matrix cracks and debonded fibers led
to a single, non-linear curve. Crack density and stiffness loss showed a common
trend, which supported the theory that transverse fiber debonding does not directly
affect the strength. However, the debonds propagated into matrix cracks which
led to further loss of strength.

Heimbuch and Sanders (1978) investigated static, fatigue, impact and long-term
static properties of polyester- and epoxy-based SMC with varying glass fiber
content. For the epoxy-based SMC with 57 wt.-% fibers, tensile strength was
approximately 160 MPa and tensile fatigue strength at 10° cycles was 68 MPa,
which is approximately 42 % UTSS. Fatigue strength of polyester-based SMC as
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a percent UTSS was 50 % and 35 % for fiber contents of 25 wt.-% and 65 wt.-%,
respectively. Corresponding values were slightly lower under bending fatigue load.
Runout specimens showed a considerable loss of residual strength. Stiffness was
measured during fatigue testing of polyester-based SMC with 25 wt.-% fibers,
showing a decay of more than 25 % before separation of the specimen. Creep
strain during fatigue loading was also determined. The amount of creep increased
with enhanced load and temperature. Creep strain typically did not exceed 0.2 %
for the considered materials, stresses and temperatures.

Denton (1979) characterized the tension-tension fatigue behavior of a polyester-
based SMC with a fiber content of 50 wt.-% and 16 wt.-% calcium carbonate. An
apparent fatigue limit was detected at 39 % UTSS, which corresponds to the stress
at which specimens withstood 107 cycles. Nevertheless, a decrease in residual
strength of 16 % on average was measured for the corresponding specimens after
cyclic loading. Furthermore, tensile stiffness decreased with increasing num-
bers of cycles, even when tested at stresses that corresponded only to 15% to
20% UTSS.

Mandell and Meier (1983) studied glass fiber-reinforced SMC composites with
fiber weight fractions of 25 % (SMC R25) and 50 % (SMC R50). For SMC R25,
the major damage mechanism was matrix cracking perpendicular to loading di-
rection. For SMC R50, damage was mainly characterized by interface debonding
between matrix and bundles. The authors measured crack densities by counting
the number of cracks crossing a line from top to bottom of a predefined length.
Crack density was subject to large scatter throughout all stress ranges. No cor-
relation between crack density and fatigue life was observed. The density of
matrix cracks at ultimate failure was independent of the load history. Mandell
and Meier (1983) determined S-N curves with a slope of approximately 10 % of
the single-cycle ultimate tensile strength per decade of cycles.

Wang and Chim (1983) investigated fatigue-induced stiffness degradation in ran-
domly oriented short (25.4 mm) glass fiber polyester composites. Cyclic loading
caused crack initiation and growth resulting in a reduction of stiffness and a change
in the shape of the hysteresis loops. Microcracking in the form of matrix cracks,
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fiber-matrix interface debonding and fiberend-cracks were the dominating damage
mechanisms. The planes of the microcracks were oriented normal to the loading
direction in matrix-dominant areas as well as in fiber-dominant areas, where fibers
were oriented in parallel to the loading direction. In the latter case, smaller crack
lengths were observed. In fiber bundles oriented with an angle to the loading di-
rection, microcracks were observed to grow along the interface between fiber and
matrix. The damage mechanisms observed in SMC with 50 wt.-% fibers tested at
60 % UTS® are shown in Figure 2.12. Wang and Chim (1983) reported, that the
overall crack density was higher, with the average crack length being smaller in
specimens tested at higher stresses compared to specimens tested at lower stresses.
At a given stress level, the magnitude of stiffness degradation increased with the
number of cycles due to continuous initiation and growth of cracks. Increasing
stress also led to a significant increase in the magnitude and the rate of stiffness
reduction. For example, at a cyclic stress of 70 % UTSS, a20 % stiffness reduction
was determined prior to failure.

Wang et al. (1986) analyzed the cyclic fatigue degradation and associated damage-
induced anisotropy of elastic properties through the development of probabilistic
density functions of microcrack length and orientation. While the mechanical
properties of the pristine randomly oriented SMC composite could be consid-
ered as macroscopically isotropic, the preferred orientation of microcracks led to
anisotropic degradation of elastic properties (Figure 2.13). Stiffness degradation
rates decreased exponentially with fatigue loading due to rapid depletion of crack
initiation, slow growth of microcracks and several crack-arrest mechanisms. Mag-
nitudes and rates of the change in stiffness were significantly higher in loading
direction compared to the transverse direction.

Von Bernstorff (1989) explained in detail the damage evolution in SMC under
cyclic loading and distinguished between fatigue at loads above and below the knee
point. For cyclic tensile loads below the knee point, no or very few microcracks
developed. Therefore, no significant loss of stiffness was observed up to a high
number of cycles, with the hysteresis loop remaining almost linear and its slope
equal to the Young’s Modulus. Viscoelastic effects led to a horizontal shift of the
hysteresis loop without significant reduction of the slope. When loaded above
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Figure 2.12: Scanning electron micrographs of microcracks in (a) a matrix-dominated area with
sparsely dispersed fibers, (b) a fiber-dominated area with fibers parallel to the loading
direction, (c) an area with fibers oriented at an angle to the loading direction and (d) at
fiber ends (modified from Wang et al. (1986)).

the knee point, multiple cracks initiated in the specimens within the first few
cycles. The number of cracks increased with the number of cycles. When the
smallest possible crack spacing was reached, fiber-matrix debonds occurred at the
corresponding crack tips. The difference in stiffness between the bundles and the
matrix, resulting in alternating mode II shear stress, caused further debonding.
The same mechanism is responsible for delamination in unidirectional laminates.
The larger the area of delamination, the smaller the fraction of the load that the
fiber bundle could support and the higher the stresses in the rest of the material.
This leads to further multiple cracking in thinner matrix regions with smaller
crack spacing. This multiple cracking is responsible for a decrease of stiffness,
resulting in a decreasing slope of the hysteresis loops. According to von Bernstorff
(1989), a CDS, which is common in cross-ply laminates, can also be observed
for SMC. In this case, crack spacing was larger in matrix-rich regions, where
the distance between adjacent fibers was large and smaller in fiber-rich regions,
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Figure 2.13: Evolution of elastic properties in SMC with 50 % by weight fibers during cyclic loading
at R = 0.05 and f = 2 Hz at different stress levels (according to Wang et al. (1986)).

where the distance between adjacent fibers was small. Von Bernstorff (1989)
also noted, that the CDS is unique to a particular microstructure. This means
that a specimen, that failed due to fatigue, features the same crack density as a
specimen with identical microstructure, that has been monotonically loaded to
ultimate failure. However, Wang and Chim (1983) noted, that the crack density
depends on the loading history.

2.3.4 Influence of frequency and temperature
Polymers with and without fiber reinforcement show a viscoelastic, meaning

a time- and temperature-dependent behavior, even below the glass transition
temperature. In automotive applications, components are exposed to cyclic loads
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that vary in amplitude and frequency at temperatures between approximately
-40°C and 80 °C. The influence of these parameters on the fatigue properties is
therefore of high interest.

2.3.4.1 Temperature-dependent fatigue behavior of continuous
FRP composites

In a study by Miyano et al. (1994), the flexural fatigue behavior of a satin woven
CFRP based on an epoxy resin with a high glass transition temperature of 236 °C
was investigated. Fatigue tests were carried out at 50 °C, 150 °C and 230 °C at
frequencies of 2 Hz and 0.02 Hz, respectively. Flexural fatigue strength decreased
with increasing temperature. According to Miyano et al. (1994), temperature
dependence (and frequency dependence) was more pronounced at higher temper-
atures. However, the slope of the S-N curve remained the same throughout the
whole temperature range.

Miyano et al. (1999) investigated the fatigue behavior of unidirectional CFRPs
made from high-strength carbon fibers (TORAY T400-3K) and epoxy resin
(EPIKOTE 828) with a glass transition temperature of 112 °C. Fatigue tests were
carried out in at temperature ranging between 50 °C and 150 °C. Specimens tested
at a frequency of 2 Hz and a load ratio of 0.1 showed a reduced fatigue strength
at a temperature of 110 °C (or higher) compared to specimens tested at 50 °C.
However, this temperature was already close to the material’s glass transition
temperature.

Kawai et al. (2001) analyzed the off-axis fatigue behavior of unidirectional carbon
fiber-reinforced epoxy at room temperature and at 100 °C. For off-axis angles
between 10° and 90°, fatigue strength at 100 °C was reduced to one-half to two-
thirds of the fatigue strength at room temperature, while no significant effect of
temperature was observed in the fiber direction (0°).
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A study by Shimokawa et al. (2008) on the fatigue behavior of carbon fiber-
reinforced bismaleimide with a quasi-isotropic stacking sequence at room tem-
perature and 150 °C showed that temperature had a minor effect on the S-N curve,
due to the fiber dominated material behavior.

Montesano et al. (2012), who studied the fatigue behavior of off-axis satin-woven
carbon/bismaleimide, observed a strong influence of temperature on stiffness
degradation, strain ratcheting and energy dissipation, which was explained by the
matrix-dominated material configuration.

A study by Sjogran (2002) on continuous carbon fiber-reinforced epoxy subjected
to mode I, mode II and mixed-mode fatigue loading revealed that elevated tem-
peratures accelerated delamination crack growth rates. Double cantilever beam,
end-notch flexural and mixed-mode bending setups were investigated in the study.
However, it could not be clarified whether this influence is the same in case of
uniaxial cyclic loading.

From the results reported in the literature, it can be concluded that the effect of
temperature on fatigue properties strongly depends on whether the material ex-
hibits fiber-dominated or matrix-dominated behavior, i.e. on the fiber architecture
and content.

2.3.4.2 Frequency-dependent fatigue behavior of continuous FRP
composites

Mandell and Meier (1983) presented results from tension-tension fatigue tests
on cross-ply E-glass/epoxy laminates at 1 Hz, 0.1 Hz and 0.01 Hz and observed
that specimens tested at a higher frequency had higher fatigue lives. The effect
was more pronounced in the low cycle fatigue range compared to the high cycle
fatigue range. Linearized S-N curves had different slopes and an extrapolation of
the curves showed convergence after approximately 6.2 - 10° cycles.

43



2 State of the art

Barron et al. (2001) examined the effect of frequency on the fatigue behavior
of a carbon fiber/epoxy matrix composites in different orientations. Tension-
tension fatigue tests were carried out at 5 Hz, 10 Hz and 20 Hz. Cross-ply and
angle-ply specimens showed a profound frequency dependence, while results for
unidirectional specimens were inconclusive due to a large degree of scatter.

The fact, that no distinct frequency dependence of the unidirectional specimens
was observed, is in agreement with the findings by Zhou et al. (2010), who
carried out tensile tests on carbon fiber bundles and showed, that strain rate had a
negligible effect on the ultimate tensile strength and failure strain. Since carbon
fibers are known to be largely strain rate-insensitive, a frequency effect on the
fatigue behavior was also not expected.

2.3.4.3 Temperature-dependent fatigue behavior of discontinuous
SMC composites

Heimbuch and Sanders (1978) carried out fatigue tests on polyester-based SMC
with fiber weight fractions of 25 wt.-% (SMC-25) and 65 wt.-% (SMC-65) at
-40 °C, ambient temperature and 93 °C. For both material systems, no significant
difference in the fatigue behavior at -40 °C and ambient temperature was observed.
At 93 °C, the fatigue strength after 10° cycles was reduced by almost 30 % in the
case of SMC-25 and by more than 50 % in the case of SMC-65, compared to the
results obtained at ambient temperature.

Denton (1979), who carried out fatigue tests on polyester-based SMC with 50 wt.-
% fibers at different temperatures found an apparent fatigue limit at 39 % and 31 %
of the material’s ultimate tensile strength at 23 °C and 93 °C, respectively, with the
quasi-static ultimate tensile strength being measured at 23 °C. When expressed
in percent of the ultimate tensile strength at the investigated temperature, the
fatigue limit was 39 % for both cases. However, specimens subjected to stresses
corresponding to their respective fatigue limit showed a smaller amount of stiffness
degradation at 93 °C compared to those tested at 23 °C.
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Figure 2.14: Temperature dependent S-N curves of (a) discontinuous SMC (randomly oriented)
with fiber weight fractions of 25 wt.-% (SMC-R25) and 65 wt.-% (SMC-R65) and
(b) continuous-discontinuous SMC with 20 wt.-% continuous fibers and 30 wt.-% ran-
domly oriented discontinuous fibers (SMC-C20/R30) in transverse and longitudinal
direction (data from Springer (1983)).

Springer (1983) investigated the fatigue behavior of polyester-based SMC with
different reinforcement architectures (randomly oriented chopped glass fibers,
continuous glass fibers and a combination of continuous and chopped fibers,
whereas the arrangement of the reinforcement is not further described). Here,
he summarized the effects of temperature and moisture on various engineering
properties (quasi-static, fatigue and creep properties). In contrast to the obser-
vations made by Denton (1979), a high influence of temperature was determined
for chopped fiber composites subjected to tension-tension loading. A temperature
increase from 23 °C to 93 °C resulted in a reduction of maximum stress of approx-
imately 30 % (70 MPa) and 50 % (40 MPa) in the low cycle and high cycle fatigue
range, respectively, for a fiber content of 65 wt.-%. A reduction of approximately
30 % (up to 25 MPa in the low cycle fatigue range and 12 MPa to 15 MPa for the
high cycle fatigue range) was observed for a fiber weight content of 25 %, as de-
picted in Figure 2.14. Springer (1983) described the reduction of fatigue strength
to be less pronounced in the case of a combined continuous and discontinuous
reinforcement. However, absolute difference between corresponding experiments
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at 23 °C and 90 °C was not negligible, especially for specimens tested in longitu-
dinal direction, with 25 MPa (reduction of 10 % for low cycle fatigue and up to
20 % for high cycle fatigue), as shown in Figure 2.14.
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Figure 2.15: Temperature dependent S-N curves of (a) highly oriented SMC in longitudinal direction
(HO_0°), (b) highly oriented SMC in transverse direction (HO_90°) and (c) randomly
oriented SMC (RO) (data from Tamboura et al. (2020)).

Further investigations on SMC submitted to variable temperature loading were
presented by Tamboura et al. (2020). The material system was a polyester resin
reinforced by 28 wt.-% chopped glass fiber bundles and 37 wt.-% CaCOs filler.
A quasi-isotropic configuration as well as a configuration with highly oriented
fiber bundles were examined. A temperature increase from 23 °C to 80 °C led
to a decrease of fatigue strength. In the case of randomly oriented fiber rein-
forcement, fatigue strength decreased by approximately 11 % and 13 % of the
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material’s ultimate strength in the low cycle and high cycle fatigue range, respec-
tively. Comparable results were obtained for SMC with highly oriented fibers.
At temperatures of -30 °C, fatigue life slightly increased in the low-cycle fatigue
range, while no clear trend was observed in the high-cycle fatigue range.

2.3.4.4 Frequency-dependent fatigue behavior of discontinuous
SMC composites

Most studies published on the effect of frequency on the fatigue behavior of
discontinuous FRPs where carried out on thermoplastic-based composites. In
those composites, induced thermal fatigue led to softening of the matrix and
hence to a reduced fatigue resistance at high frequencies (Bellenger et al., 2006;
Handa et al., 1999).

To the authors knowledge, the first and only study on the frequency dependence
of SMC was presented by Shirinbayan et al. (2017), who investigated the fatigue
behavior of a vinyl ester-based discontinuous glass fiber SMC at 10 Hz, 30 Hz,
50Hz and 100 Hz. For low stresses, the difference in fatigue life of specimens
loaded at 10 Hz, 30 Hz and 50 Hz was small, as depicted in Figure 2.16. For
high stresses, the S-N curve was shifted to lower fatigue lives with increasing
frequency. At 100Hz, a frequency effect was observed even for low stresses.
At 40% UTSS, fatigue life was 40 times lower compared to the fatigue life of
specimens tested at frequencies of 50 Hz and below. This behavior was explained
by self-heating and resulting induced thermal fatigue.

2.4 Experimental methods for fatigue damage
analysis

Various methods have been used by different researchers to investigate the damage
mechanisms and damage evolution in FRPs under cyclic loading. All of these
methods have their advantages and disadvantages. Which method or combination
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Figure 2.16: Normalized S-N data of randomly oriented discontinuous SMC at different frequencies
(Shirinbayan et al., 2017).

of methods is most promising, depends on the material system and the objectives
of the investigation.

One experimental method is a visual inspection that can optionally be supported
by a back-light system or a light source in front of the specimens. This method
can be used, for example, for manual or automatic crack detection, as described
in several studies of the Quaresimin group (Quaresimin et al., 2014; Maragoni
etal., 2017). The method is non-destructive, cheap and fast, requires no specimen
preparation and is trustable, since no futher interpretation of the results is needed.
However, it is limited in terms of scale and can only be used for materials that are
transparent to light.

Optical microscopy is also a quick, versatile and reliable method that is cost-
effective and is therefore used by many researchers, e.g. Quaresimin et al. (2016).
However, the analysis of damage is limited to the specimens’ surface and requires
careful specimen preparation. It is further limited in depth of field and can thus be
used only when having a flat surface, which does not apply for fracture surfaces.
When using optical microscopy for monitoring damage evolution during fatigue
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loading, specimens usually have to be unclamped after several load intervals to
further be analyzed. This can be avoided by using edge replication techniques,
as for example presented by Chen and Harris (1993), who characterized the
evolution of ply cracks in carbon fiber-reinforced laminates during fatigue loading
or by Montesano (2012), who analyzed the damage evolution in braided FRPs.

In contrast, scanning electron microscopy is high in depth of field and can provide
information on topography and composition. It is often used for analysis of
fracture surfaces, as for example by Trauth (2020), but also allows for in-situ
testing. However, this method is destructive, cost-intensive and only a small
specimen volume can be investigated. Furthermore, only the surface and not the
entire specimen volume can be analyzed.

Digital image correlation (DIC) offers the possibility to investigate damage in
small specimens as well as in large components and gives information on the full
strain field. However, the method is time- and cost-intensive, since it requires
careful calibration and setup, as well as specimen preparation. Furthermore,
software is needed to extract and interpret the data. Data is only collected at
the surface ply, while little information is obtained for the rest of the specimen
volume, at least when thinking of local damage events such as cracks. Miskdjian
et al. (2020) used DIC to automatically detect ply cracks in GFRP laminates at
the specimen edges. Li et al. (2020), who also used DIC to observe ply cracks
in cross-ply laminates showed, that they can even be identified when looking at
the 0° surface ply of the specimen. A successful application of DIC to detect
delamination was presented, for example, by Szebényi and Hliva (2019).

Using infrared (IR) thermography, damage events can be determined even below
the specimen surface without the material being transparent to visible light. Mon-
tesano et al. (2014) used this method to characterize damage in braided carbon
fiber-reinforced composites, for example. However, a disadvantage is that damage
events occurring further away from the surface are harder to detect. Depending
on the required resolution of the camera, the method can be quite cost-intensive
and know-how and experience are required to interpret the measured data. Small
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damage events such as matrix cracks are harder to detect than fiber damage and
interface failure, since they dissipate less thermal energy (Munoz et al., 2016).

In comparison to DIC and IR thermography, acoustic emission (AE) analysis
allows the detection of very small damage events, such as matrix cracking and
single fiber fracture, in the bulk material, making this technique very promising
for monitoring the initiation and progression of different damage mechanisms.
Intensive research was done to allow for the interpretation of AE signal by analyz-
ing different AE features using clustering algorithms, for example by Sause et al.
(2012). Damage events can be detected in the bulk material and there are no par-
ticular requirements regarding the material or its preparation. The method is very
sensitive and can be used both for small specimens and large structures. Saeedifar
and Zarouchas (2020) recently published a review, highlighting the potentials of
AE analysis for damage characterization in composites. Besides the problem of
noise, that can be challenging for some applications, it requires great skill and
a lot of pre-investigations to interpret the data. In materials, in which a lot of
different damage events occur at the same time, as for example in SMC, it is diffi-
cult to distinguish between damage mechanisms. Potstada et al. (2018) identified
characteristics of single-fiber fracture by combining AE analysis with synchrotron
computed analysis, so that those can clearly be identified during testing. Other
researchers evoked single mechanisms in a targeted manner, for example by test-
ing pure resin specimens or fiber bundles, to obtain the corresponding AE signals
separately and using them as a reference, as for example done by Mohammadi
etal. (2017). Trauth et al. (2017b) used AE analysis to monitor damage in discon-
tinuous and continuous-discontinuous SMC specimens and applied a clustering
algorithm to the obtained data. Despite the two clusters assigned to fiber and
matrix damage observed in discontinuous SMC (Trauth et al., 2017a), a third
cluster was determined for continuous-discontinuous SMC specimens. Based on
post-mortem 1NCT scans, this cluster was assigned to delamination that occurred
in the hybrid material only. Bartkowiak et al. (2019), presented an attempt to
reliably distinguish between fiber fracture, matrix cracking and interface damage
in discontinuous SMC specimens subject to monotonic tensile load by combining
AE analysis with in-situ pCT measurements. The combination of both methods
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allowed to distinguish between the peak maximum frequencies of the different
signals resulting from fiber fracture and matrix cracks. However, there is still the
need for further investigations to analyze the different AE features resulting from
different damage events.

Ultrasound can also be used for a damage analysis, but is rather useful for the
determination of large scale damage such delamination and therefore is often
applied to analyze impact damage. Detection of matrix cracks is difficult but
possible as for example shown in Aymerich and Meili (2000) for continuous
FRPs and in Aymerich and Meili (1999) for SMC.

Another method for damage analysis in FRPs, that is of increasing interest within
the past few years, is pCT X-ray tomography, which has the advantage of pro-
viding a 3D representation of the scanned volume. Different magnifications and
resolutions can be realized. The method is quite cost-intensive and requires ex-
tensive image manipulation and analysis. Nevertheless, it offers high potential
for an accurate and quantitative analysis of the damage processes in FRPs, since
it also offers the possibility for in-situ measurements. Schottl et al. (2020) re-
ported results from cyclic in-situ tests on discontinuous SMC specimens together
with a method for crack segmentation and determined fiber volume fractions. A
method enabling the analysis of the spatial crack orientation distribution to further
quantify the damage anisotropy is presented in Schottl et al. (2021).

2.5 Lifetime prediction modeling of FRP
composites

A comprehensive review of fatigue damage models for FRP composites was
presented by Degrieck and van Paepegem (2001). The authors classified existing
fatigue models into three major categories:

e empirical fatigue life models,
e phenomenological models for residual stiffness or residual strength and
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e progressive damage models.

Empirical fatigue life models use S-N curves or Goodman-type diagrams and
introduce a fatigue failure criterion without considering damage accumulation
and underlying damage mechanisms. Fatigue life is determined for fixed load-
ing conditions. Depending on the number of parameters to be considered, the
experimental effort is very high.

Phenomenological models express the degradation of mechanical properties math-
ematically, without considering the underlying mechanisms. Residual strength
models have the major disadvantage that extensive destructive testing is required
to calibrate the model. In contrast, stiffness degradation models have the advan-
tage that stiffness can be determined non-destructively during testing. One of the
major causes of stiffness degradation in FRPs is matrix cracking. This type of
progressive damage suggests the use of a continuum damage model to describe
the material behavior (van Paepegem, 2010), which is why the vast majority of
the phenomenological residual stiffness models are based on the continuum dam-
age mechanics theory (Kachanov, 1990). To describe damage in a quantitative
manner, a damage variable D was introduced, which describes the effective sur-
face density of defects and hence takes the value O in the case of an undamaged
material and 1 in the case of a completely damaged material. Hence, D can be
described by

D=2
Ay’

2.4)

with A p being the damaged specimen area and A being the initial area. Applying
the concept of strain equivalence, which states that a damaged volume of material
loaded at a stress o shows the same strain response as a similar undamaged volume
loaded with a comparative stress ¢ (Krajcinovic and Lemaitre, 1987) leads to
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becomes a measure for the stiffness degradation.

An important outcome of a fatigue model is always the prediction of fatigue life.
Residual strength models have a natural failure criterion, in a sense that failure
occurs, when the applied stress equals the residual strength. Residual stiffness
models assume that fatigue failure occurs, when the modulus has dropped to a
critical level. This critical level has been defined differently by distinct researchers.
According to Hahn and Kim (1976) and O’Brien and Reifsnider (1981), ultimate
failure due to cyclic loading occurs, when the fatigue secant modulus drops to the
secant modulus at the time of failure in a static test. According to Hwang and Han
(1986), ultimate failure occurs when the resultant strain reaches ultimate strain in
a static test. In any case, it is important to choose a criterion that is consistent
with experimental results.

Progressive damage models rely on physics-based modeling of the damage mech-
anisms, that lead to a degradation of the mechanical properties. These models can
be further subdivided into models that predict damage growth (e.g. the number of
matrix cracks or the size of the delaminated area) and models that correlate dam-
age evolution with mechanical property evolution. Progressive damage models
are clearly the most promising tool for predicting fatigue life when well calibrated.
A major hurdle in the development of these models is the complexity of the fa-
tigue damage mechanisms in FRP composites, which first needs to be analyzed
in detail.
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2.6 Scientific questions

Several studies have been published on concepts to manufacture and design
continuous-discontinuous FRP composites. Experimental investigations by dif-
ferent authors highlight the beneficial mechanical properties and potentials of
such a hybrid approach. In most of the published studies, a focus was set on
mechanical properties under quasi-static load. Since existing as well as potential
applications for continuous-discontinuous FPR composites are subject to cyclic
loading, their fatigue behavior is of high interest. Early investigations by Riegner
and Sanders (1979), Kundrat et al. (1982) or Springer (1983) in the late 1970s
and early 1980s considered fatigue loads in continuous-discontinuous SMC with
glass fibers being used for both reinforcement types. Due to the low difference in
failure strain of both components, effects of hybridization were not expected to be
particularly pronounced, which was reflected in a moderate resistance to fatigue.

Trauth (2020) carried out extensive experimental investigations to characterize
quasi-static properties of discontinuous glass fiber SMC with continuous carbon
fiber reinforcement under tension, compression and bending loads. Static and
dynamic puncture properties were also characterized (Trauth et al., 2019) and a
dynamic-mechanical-thermal analysis was carried out (Trauth et al., 2021). The
combination of continuous carbon fibers and discontinuous glass fibers resulted
in pronounced hybridization effects. However, no investigations on the fatigue
behavior of continuous-discontinuous SMC have been presented so far. The
following questions have thus remained unanswered:

e s the fatigue behavior of the individual UPPH-based composites compara-
ble to conventional continuous and discontinuous FRP composites?

o Whatare the effects of hybridization on the fatigue properties of continuous-
discontinuous SMC?

To gain a better understanding of the material behavior and effects of hybridization,

it is necessary to understand the underlying damage mechanisms, their initiation
and evolution. Trauth (2020) evaluated measurement techniques to find the most
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suitable for capturing damage evolution in continuous-discontinuous SMC and
performed corresponding analyses under quasi-static loading conditions. These
techniques are not necessarily applicable to characterize damage evolution un-
der cyclic loading. Several approaches to characterize fatigue damage in either
discontinuous or continuous FRPs have been presented in literature. This thesis
aims to address the following questions:

e What is a suitable experimental technique to qualitatively and quantitatively
analyze damage evolution in continuous-discontinuous SMC under cyclic
loading?

e How does hybridization influence the damage mechanisms and damage
evolution of the discontinuous glass fiber and the continuous carbon fiber
SMC ply?

Thinking of future applications of continuous-discontinuous SMC, part geome-
tries and loading conditions become more complex. Multiaxial-stress states may
motivate the use of continuous reinforcements other than a unidirectional 0° ply.
Whether a 0°/90° reinforcement might be suitable will be clarified by answering
the following questions:

e What effect does the choice of a 0°/90° instead of a unidirectional 0° carbon
fiber reinforcement have on the damage evolution under cyclic loading and
how does the changed damage evolution influence fatigue life and the
stiffness degradation behavior?

Additional complexity of application-related load is further added by non-uniform
oscillations and varying temperatures, which raises the question:

e To what extent do frequency and temperature influence the fatigue behavior
of continuous-discontinuous SMC?

Different strategies for modeling the fatigue behavior of FRPs in general have been
discussed in the literature. To use the hybrid composite in an efficient manner
and to avoid large safety factors and extensive experimental investigations in the
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future, the final goal must be the development of a lifetime prediction model for
continuous-discontinuous SMC that can account for the varying geometries and
loading conditions. As a first step to reach this goal, this thesis addresses the
question:

e What are potential strategies for lifetime prediction modeling of continuous-
discontinuous SMC?

Together with the already existing knowledge on the fatigue of continuous and
discontinuous FRPs postulated by different scientists, on the mechanical behav-
ior of continuous-discontinuous FRPs in general and together with the knowl-
edge obtained from extensive investigations by Trauth (2020) on the mechanical
properties and the damage evolution of the considered UPPH-based continuous-
discontinuous SMC, the findings observed in experimental investigations within
this thesis shall help to answer these questions.
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3.1 Material composition

The materials examined in this thesis are sheet molding compounds (SMC) with
either a continuous (Co) carbon fiber or a discontinuous (DiCo) glass fiber rein-
forcement, as well as hybrids combining both reinforcement types in two different
configurations, that are shown in Figure 3.1. Details of the measured thicknesses
of the individual plies are given in Section 3.3.

SMC

Figure 3.1: Material architectures, which were examined within this thesis.

57



3 Materials

The focus of this thesis is on hybrid composites with DiCo SMC in the core and
one 0° Co SMC ply on each surface, that are henceforth referred to as continuous-
discontinuous SMC (CoDiCo SMC) composites. A second configuration with
a 0°/90° carbon fiber reinforcement was additionally analyzed under tension-
tension fatigue load to investigate the effect of a deviating reinforcement type on
damage mechanisms and fatigue life. Corresponding specimens are referred to as
CoDiCo” SMC.

The matrix used for both types of reinforcement was an unsaturated polyesther-
polyurethan hybrid (UPPH) resin system by Aliancys. This two-step curing resin
system was developed at Fraunhofer Institute for Chemical Technology, Pfinztal,
Germany, with the aim to obtain a material featuring a stable, highly viscous
B-stage that is needed to achieve a stiff and shape-consistent reinforcement for a
reliable co-molding process of continuous prepreg with DiCo SMC at high flow
rates (Biicheler, 2018). The glass transition temperature of the fully cured material
is between 155 °C and 160 °C (Kehrer, 2019). The discontinuous reinforcement
was realized by E-glass fibers (Multistar 272 by Johns Manville) that are arranged
in bundles of approximately 200 fibers and cut to a length of 25.4 mm during the
manufacturing process of the semi-finished SMC. A stitch-bonded unidirectional
carbon fiber fabric consisting of 5 mm wide ZOLTEK PX35 50K continuous tow
carbon fiber was used for continuous reinforcement. The aligned carbon fiber
tows are stitched together with a polyester yarn in a tricot pattern. The mechanical
properties of the cured resin system and the fibers are listed in Table 3.1 The
resin components and the fiber type of the discontinuous glass fiber SMC and the
continuous carbon fiber SMC are listed in Table 3.2 and Table 3.3, respectively.

Table 3.1: Mechanical properties of the resin system (Trauth, 2020), the glass fibers (AZO, 2021) and
the carbon fibers (Zoltek, 2017) used in this thesis.

Property Resin system Glass fiber Carbon fiber
Tensile strength 75 MPa 2050 MPa 4137 MPa
Tensile modulus 3.45 GPa 85 GPa 242 GPa
Failure strain 3.0% 2.8% 1.7%
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3.2 Manufacturing of SMC plaques

Plaques were manufactured at Fraunhofer Institute for Chemical Technology,
Pfinztal, Germany. Semi-finished sheets were produced on a conveyor plant type
HM-LB-800 by Schmidt and Heinzmann. In this process, continuous glass fiber
bundles were cut into a length of 25.4 mm and dropped onto a carrier foil that
was wetted with resin. Covered with a second carrier foil and resin, the sandwich
went through the calendering zone. It was then rolled up and maturated for at
least 3 days at 20 4 2 °C. Continuous semi-finished sheets were manufactured
by feeding unidirectional carbon fiber fabric instead of chopped glass fibers to
the conveyor plant. The conventional SMC manufacturing line was extended
by heating and cooling sections to start the curing process by increasing the
temperature and then stop the cross-linking reactions by cooling the material
down to room temperature again. The heating tables had a total length of 9 m
and a temperature of 80 °C. The cooling tables had a total length of 1 m and a
temperature of 20 °C. The belt speed was 2mm/min. The temperature profile
was chosen in a way that the first reaction of the two-step curing was completed
after this manufacturing step. Plaques of 800 mm length and 250 mm width were
compression molded on a hydraulic press (COMPRESS PLUS DCP-G 3600/3200
AS by Dieffenbacher). The temperature of the mold was set to 145 °C. A force of
2500 kN was applied during a mold-closing time of 112 s.

Manufacturing of DiCo SMC plaques involved cutting the semi-finished sheets
into plies of 400 mm length and 240 mm width. They were stacked and placed
into the middle of the mold, in a way that a preferential flow was enforced
during compression molding. To manufacture Co SMC plaques, continuous
semi-finished sheets were cut into the shape of the rectangular mold and arranged
in stacks of four plies each. Therefore, the material did not significantly flow
during molding. Hybrid CoDiCo SMC plaques were manufactured in a one-step
compression molding process. Depending on the desired material configuration
(CoDiCo SMC or CoDiC0”?° SMC), one or two semi-finished continuous carbon
fiber plies (0° or 0°/90°) were placed into the mold (100 % mold coverage),
followed by a stack of semi-finished DiCo SMC with 50 % mold coverage and one
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or two continuous carbon fiber plies (0° or 90°/0°). Doing so, the discontinuous
material was enforced to flow in one direction between the continuous plies. The
co-molding process is shown schematically in Figure 3.2. Arrows indicate the
movement of the upper mold half and the flow direction on DiCo SMC.

s DiCo SMC
= Co SMC

(@)

upper mold

lower mold

(b)

250 mm

90°

L

Figure 3.2: (a) Schematic illustration of the compression molding process of CoDiCo SMC and
(b) mold geometry indicating the position of the initial charge of DiCo SMC and the flow
path.

3.3 Specimen preparation and geometry

Specimens were extracted from the plaques by waterjet cutting at Genther Schneid-
technik GmbH & Co. KG with a cutting quality of Q3 (SN 214001:2010-03).
Rectangular shaped specimens were used for the tension-tension fatigue tests.
The geometry is shown in Figure 3.3. End tabs were only applied to Co SMC
and CoDiCo SMC specimens to protect the unidirectional fibers from damage
due to clamping. The end tabs were made of glass fiber multi-axial fabric and
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3.3 Specimen preparation and geometry

epoxy (PREGNIT GMBE by Krempel GmbH) and were attached to the speci-
mens by using the acrylic adhesive DP810 by 3M following the recommenda-
tions in DIN EN ISO 527-5. The width of 15 mm as well as the free length of
100 mm were chosen following Trauth (2020), who investigated the same mate-
rial systems under quasi-static load, to allow for a comparison of the mean static
properties. The free length of all specimens was 50 mm shorter compared to the
specifications in DIN EN ISO 527-4 and DIN EN ISO 527-5 and the width of the
DiCo SMC specimens was reduced by 10 mm compared to the specifications in
DIN EN ISO 527-4. However, Trauth (2020) demonstrated that for DiCo SMC a
reduction of the length and width did not lead to a relevant change of mechanical
properties. A uniform geometry with a width of 15 mm and a reduced free length
of 100 mm was thus considered a good compromise.

170 mm
100 mm

Figure 3.3: Tensile (fatigue) specimens dimensions.

Specimens showed slightly fluctuating dimensions and were measured individu-
ally before testing, to allow for a most accurate calculation of the applied stress.
The average thickness dimensions of all tensile specimens are summarized in
Table 3.4 together with the corresponding variance.

In the hybrid materials, the thickness of the individual plies also showed inter-
specimen variation. Four CoDiCo SMC and CoDiCo”*° SMC specimens each
were analyzed exemplarily with regard to the thickness of the DiCo SMC and
Co SMC plies. However, there is no clear interface between the different plies
but rather a transition zone. This can be seen in Figure 3.4 for the example of a
CoDiCo” SMC specimen. The thickness of a bundle varies strongly over its
width and the bundles are partially pushed apart during the molding process, which
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Table 3.4: Thickness dimensions of the tensile specimens including coefficient of variation CV.

Material Thickness & in mm CV for h in %

DiCo 1.74 £ 0.076 4.37
Co 1.44 + 0.027 1.87
CoDiCo 2.89 £0.077 2.66
CoDiCo” 3.53+£0.120 3.40

results in resin pockets between the bundles. Similar observations were made for
CoDiCo SMC specimens with only one 0° carbon fiber reinforcement on each
surface. A resin pocket of considerable thickness can also be observed between
the 0° and the 90° ply in some cases. The average of ten measurements along
the specimen length in the middle of a carbon fiber bundle is considered when
measuring the ply thicknesses. The average thickness of an individual Co SMC
ply of 0.32 + 0.021 mm and 0.32 =+ 0.028 mm was determined in CoDiCo SMC
and CoDiCo”? SMC, respectively. The DiCo SMC plies featured a thickness
of 2.13 4 0.084 mm in CoDiCo SMC and 1.96 4 0.084 mm in CoDiCo"*° SMC
specimens.

90° F tow Resin pocket Resin pocket

Flow/loading direction 0° CF ply  GF bundle 2 mm
Figure 3.4: Edge of a CoDiCo"”?? SMC specimen showing the variation of thickness of the DiCo SMC
and Co SMC plies.

Table 3.5 summarizes the thickness dimensions of the coupon specimens used
for the bending fatigue tests. The specimen lengths were 50 mm, 60 mm and
100 mm for Co, DiCo and CoDiCo SMC, respectively, and were chosen to be
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3.4 Material characteristics

approximately 120 % of the span length that varied due to the different specimen
thicknesses.

Table 3.5: Thickness dimensions of the bending specimens including coefficient of variation CV.

Material Thickness # in mm CV for hin %
DiCo 1.70 £ 0.039 2.32
Co 1.43 4+ 0.026 1.80
CoDiCo 2.88 4+ 0.057 1.99

3.4 Material characteristics

3.4.1 Fiber weight content

The fiber weight content of DiCo SMC and Co SMC plaques was determined
by thermogravimetric analysis (TGA) at Fraunhofer Institute of Chemical Tech-
nology, Pfinztal, Germany. Specimens were extracted from different plaques as
well as from different positions within one plaque to characterize both cross-
plaque variations and position-dependent variations. The results are summarized
in Figure 3.5a for DiCo SMC and in Figure 3.5b for Co SMC. The fiber volume
contents can be calculated with the densities of the UPPH resin and the fibers
given in Section 3.1.

The average fiber weight content of the DiCo SMC plaques was be 44.5 + 3.2
wt.-%. Comparing all TGA specimens, a maximum difference of up to 19 wt.-%
was determined. Looking at the example of plaques DiCo7 in Figure 3.5a, vast
local variations could also be observed. The adjacent TGA specimens No. 4 and
No. 5 revealed a difference in the fiber content of more than 7 wt.-%. The average
fiber content of the Co SMC plaques was 64.7 4 3.1 wt.-%. However, deviations
of up to 12 wt.-% were observed within one plaque.
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Figure 3.5: Fiber weight content of (a) DiCo SMC plaques and (b) Co SMC plaques obtained by
thermogravimetric analysis. The numbers on the panels are the sample numbers.
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3.4 Material characteristics

3.4.2 Microstructure

As aresult of the manufacturing process, the initial fiber orientation distribution in
the semi-finished DiCo SMC sheets is assumed to be planar isotropic. However,
preferential flow during compression molding leads to an increased fiber alignment
in flow direction. The fiber orientation distribution is inhomogenous over the
thickness due to plug-like flow. While the material in the center only exhibits
little shear, the bundle structure is largely retained. High shear stresses in the
surface layer close to the mold lead to fiber bundle splicing and partially to an
increased curvature. These observations were already reported by Trauth (2020)
and also shown for the material considered in this thesis as depicted in Figure 3.6.

Splitted GF bundles Straight GF 10 mm
with high curvature bundles

Figure 3.6: Sectional view on the microstructure of CoDiCo SMC obtained from a CT scan. The
image was taken from the tilted plane A - A’.

Figure 3.6 shows a 2D pCT image of a CoDiCo SMC specimen that is oriented
in flow direction. Going from left to right, the z-coordinate (thickness direction)
increases. The effect of fiber bundle splicing and an increased curvature in the
outer layer of the DiCo SMC ply is clearly visible. Trauth (2020) observed that
the effect of bundle splicing and increased curvature in the outer layer was more
pronounced in the DiCo SMC ply of CoDiCo SMC panels compared to DiCo
SMC plaques that were molded without the unidirectional reinforcement. The
stitch-bonded unidirectional fabric made of 50K continuous carbon fiber tows is
shown on the left- and on the right-hand side. The tows are slightly pushed apart
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due to the flow of the discontinuous material leading to resin-rich areas between
the tows.

{ =
NS |

i N
Wi
250 mm

800 mm

Figure 3.7: (a) Position of five specimens extracted from a CoDiCo”*? SMC plaque for microstruc-
tural investigations and (b) sectional view on the microstructure of these specimens
obtained from pCT scans. Images were taken from the center plane with regard to the
thickness direction.

Figure 3.7a schematically shows a CoDiCo”*° SMC plaque indicating the position
of the initial DiCo SMC charge in the mold (grey area). It also indicates the
positions of five specimens, that were extracted from the plaques to be analyzed
regarding their microstructure. Figure 3.7b shows a sectional view through these
specimens. The images show the center plane of the specimens, with regard to
their thickness. Moving from left to right (from the charge region to the flow
region), the amount of fiber bundle splicing and fiber curvature increases. The
characteristic microstructure of DiCo SMC with fibers being largely straight and
arranged in bundles, is observed only within a small area in the middle of the
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3.4 Material characteristics

plaques. In flow region, no intact bundle structure remains throughout the whole
thickness of the DiCo SMC ply.

Another phenomenon observed after co-molding of CoDiCo”?® SMC plaques is
misalignment of the 90° tows in direction of flow. High curvature of these tows
can be observed locally in several specimens. An example is given in Figure 3.8.

90° CF tow

DiCo SMC

Stitching fiber

Z 2 mm y 5 mm

Figure 3.8: nCT scan of a CoDiCo”?" SMC specimen. (a) Position of the considered section over
the thickness marked in blue and (b) 2D image showing misaligned 90° carbon fiber tows.
The x-direction corresponds to the flow direction.
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4 Experimental procedures

The characterization of fatigue properties was carried out according to ISO 13003
and included monotonic tests at quasi-static strain rate as well as at fatigue strain
rate. The latter is defined as the strain rate that results in failure of the specimen in
a time equivalent to half a cycle time. Fatigue properties were investigated under
cyclic tensile loading as well as cyclic bending loading.

4.1 Characterization under tensile loads

4.1.1 Experimental setup

Tensile tests as well as tension-tension fatigue tests were carried out on a servo-
hydraulic testing machine (type 1478 by Zwick Roell modified with an additional
servo cylinder). The machine was equipped with a load cell (type 1220AJ by
interfaceforce) with a capacity of 100 kN. Specimens were hydraulically clamped
with a clamping distance of 100 mm. For fatigue testing, an axial clip-on exten-
someter (type EXA 50-5 by Sandner Messtechnik GmbH) with a gauge length of
50 mm, a measuring displacement of + 5 mm and a measuring error of £ 0.2 %
was used to determine the elongation directly on the specimen. The sampling rate
of the extensometer was 1000 Hz, resulting in 200 measuring points during one
cycle. In addition, a capacitive displacement sensor measuring the displacement
of the flange of the actuator was used for displacement control during tensile tests.
It was ensured that both measurement systems showed a strictly linear behavior in
a displacement range between 0 mm and 5 mm. The experimental setup is shown
in Figure 4.1. The ambient temperature in the laboratory was 7" = 21 °C.
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@ | (b)

Specimen

Extensometer
Guide rail

Capacitor

Actuator

50 mm 100 mm

Figure 4.1: Experimental setup for tension-tension fatigue tests with (a) the clip-on extensometer,
which was used for strain measurement and (b) the capacitor, which was used for the
displacement-controlled tensile test.

4.1.2 Monotonic tensile tests

Monotonic tensile tests were carried out to determine the ultimate tensile strength
at quasi-static strain rate (UTS®) and fatigue strain rate (UTSF), respectively,
with at least five specimens per material system and strain rate. Quasi-static
strain-rate corresponds to 2mm/min according to DIN EN ISO 527-4 and
DIN EN ISO 527-5, while the dynamic strain rate defined in ISO 13003 was
reached with a nominal actuator speed of 45 mm/s.

4.1.3 Acoustic emission analysis

In the case of DiCo SMC and CoDiCo SMC, additional quasi-static tensile tests
were carried out with the aim to determine the average stress, at which damage
initiates in the specimens. For this purpose, an AMSY-5 AE analysis system by
Vallen Systeme GmbH was used together with two wideband AE sensors (Mistras
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4.1 Characterization under tensile loads

HD2WD). Each sensor was linked to a preamplifier of the type AEP3. The setup
is shown in Figure 4.2.

AE Sensors

Specimen

Cameras

Preamplifier

100 mm

Figure 4.2: Test setup for AE analysis during tensile testing.

A sampling rate of 10 MHz has been selected. The pre-amplification was 34 dB
and the threshold was set to 40 dB. A duration discrimination time of 200 j1s and
a rearm time of 400 ps were chosen. The sensors were positioned at a distance
of 70 mm along the specimen length using a 3D-printed bracket and small rubber
bands. Silicon grease served as a coupling agent. Correct mounting of the sensors
was checked by using a Hsu-Nielsen source according to DIN EN 13554. The
use of two sensors allowed the localization of AE signals along the length of the
specimen. Only those signals within the 50 mm in the middle of the specimens
were included for evaluation. In this manner, signals arising in the clamping region
or due to a slight movement of the sensors were neglected. The experiments were
carried out on a screw-driven Zwick Roell universal testing machine with a load
cell capacity of 100 kN. An Aramis DIC System by gom GmbH was used for
strain measurement instead of an extensometer to avoid signal arising from the
contact between specimen and extensometer.
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4.1.4 Continuous tension-tension fatigue tests

Constant amplitude tension-tension fatigue tests were carried out under load
control with a load ratio of R = 0.1, to ensure that the specimens were not
exposed to a compressive load at any time. A frequency of 5Hz was chosen
in a way that a temperature increase due to cyclic loading did not exceed 10 °C
according to ISO 13003. This was checked by measuring the temperature increase
in several specimens during cyclic loading with an IR camera at different stresses
(cf. Section 4.1.6).

In each experiment, the mean stress was applied within one second before applying
the sinusoidal load. An experiment was declared valid, when the nominal stress
amplitude was reached before final failure and if final failure occurred at a distance
of more than 10 mm from the jaws. All specimens that met this requirement were
included for evaluation of the stress-life fatigue data. For a further evaluation
regarding the stiffness degradation behavior, only those specimens that failed
within the 50 mm gauge length of the clip-on extensometer were considered. The
maximum number of cycles was set to 2.6 - 10° cycles. Specimens that did not
fail after this number of cycles were declared runouts.

4.1.5 Interrupted tension-tension fatigue tests

In addition to the continuous tests, several interrupted tension-tension fatigue tests
were carried out with DiCo SMC, CoDiCo SMC and CoDiCo”*° SMC specimens
to further analyze damage evolution during cyclic loading. The test parameters
were selected analogously to the continuous fatigue tests. Before loading, the
specimen edges were grinded and polished. Microscopic images were taken from
both specimen edges. The specimens were then tested in steps of one decade of
cycles until final failure. After each load step, the specimens were unclamped and
microscopic investigations of the specimen edges were carried out in an unloaded
condition. A quantitative analysis of the images was done with a focus on the
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4.2 Characterization under bending loads

matrix crack density in the DiCo SMC ply within the 50 mm gauge length of the
extensometer. The weighted crack length

Lc total
= o @.7)
r hpico - Ly
defined in analogy to Quaresimin et al. (2014) with the accumulated crack length
L tota1, the width of the DiCo SMC specimen or DiCo SMC ply hpic, and the
gauge length L, was determined after each load step.

4.1.6 Thermographic investigations

The specimen temperature was monitored for at least one specimen at each stress
level by using the infrared camera T420 by FLIR to ensure a maximum temperature
rise of 10 °C during cyclic loading on the one hand and to analyze the temperature
distribution over the specimen length on the other hand. The temperature was
evaluated along a line over the specimen length. Regarding the width direction,
the line was positioned in a small distance to one specimen edge, so that beginning
damage localization and the location of final failure was captured.

4.2 Characterization under bending loads

4.2.1 Experimental setup

Monotonic and cyclic 3-point bending tests were carried out on an ElectroPuls E3000
by Instron that is equipped with a temperature chamber. The experimental setup is
shown in Figure 4.3. The pins prevented the specimens from sliding and twisting.
A polytetrafluoroethylene (PTFE) tape was applied onto the lower support, the
loading nose and the pins to reduce friction. A span-to-thickness ratio of 1:28
was selected to be used consistently for the different materials for the purpose
of comparability, being a compromise with the aim of keeping shear effects in
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the continuously reinforced specimens small on the one hand and limiting the
maximum deflection of the more flexible DiCo SMC specimens on the other
hand. The deflection was determined from the displacement of the crosshead.

50 mm

Figure 4.3: Test setup for bending and bending fatigue tests.

4.2.2 Monotonic bending tests
Quasi-static bending tests were carried out at a strain rate of 0.01 min ! according
to DIN EN ISO 14125 leading to a crosshead displacement velocity calculated by

eLl?

n (4.8)

v =

with the outer fiber strain ¢, the span length L and the specimen thickness h.
The crosshead displacement velocity was 2 mm/min for Co SMC and DiCo SMC
and 5 mm/min for CoDiCo SMC. For the tests at fatigue strain rate, the crosshead
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4.2 Characterization under bending loads

velocity was set to 90 mm/s for Co SMC and DiCo SMC and to 180 mm/s for
CoDiCo SMC to obtain final failure after around 0.1 s (half a period duration)
according to ISO 13003. Assuming the composites behave as homogenous solids
on the macroscopic scale, stresses and strains were determined by

3FL
77 pn2 9
and e = 65—5, (4.10)

with the applied force F’, span length L, specimen width b, total thickness &
and deflection 6 (DIN EN ISO 14125). Of note, the hybrid composite is largely
inhomogenous on the macroscopic scale. However, assuming macroscopic ho-
mogeneity allows for a comparison of the different composites and evaluation of
hybridization effects. Failure was defined by a force drop of >80 %.

4.2.3 Bending fatigue tests

Bending fatigue tests were carried out on Co SMC, DiCo SMC and CoDiCo SMC
under load control with a load ratio of R = 0.1 and a frequency of 5 Hz at 21 °C,
analogously to the tension-tension fatigue tests. Additional test series were carried
out with DiCo SMC and CoDiCo SMC to investigate the influence of temperature
and frequency on the fatigue behavior.

Table 4.1: Bending fatigue test parameters.

Material Frequency f Temperature T Stress ratio R
DiCo, Co, CoDiCo 5Hz 21°C 0.1
DiCo, CoDiCo S5Hz 80°C 0.1
DiCo, CoDiCo S5Hz -20°C 0.1
DiCo, CoDiCo 1Hz 21°C 0.1
DiCo, CoDiCo 10Hz 21°C 0.1
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Table 4.1 gives an overview of the different parameter sets used for the experi-
ments. The maximum number of cycles was reduced to 3.6 - 10° cycles for tests
carried out at 1 Hz and at -20 °C due to the long test durations on the one hand
and since the amount of liquid nitrogen, that was required for cooling, was limited
due to the container size on the other hand. An experiment was declared valid,
if the target amplitude was reached before final failure. Failure was defined by a
stiffness degradation of at least 80 %
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5.1 Mechanical properties and damage
behavior under homogenous loading

5.1.1 Tensile properties
5.1.1.1 Ultimate tensile strength

The results of the tensile tests at quasi-static and fatigue strain rate are summarized
in Table 5.1. The tensile strength is strain rate dependent for all investigated
materials. DiCo SMC shows the most pronounced strain rate dependence. For
further information on the material properties and stress-strain behavior under
monotonic loading, the reader is referred to Trauth (2020).

Table 5.1: Ultimate tensile strength of all investigated materials at quasi-static strain rate UTSS
(crosshead velocity of 2 mm/min) and fatigue strain rate UTSF (crosshead velocity of
45 mm/s). Five specimens were tested for each configuration and strain rate.

UTSS UTSF

zinMPa pinMPa CVin% ZinMPa pinMPa CVin%

DiCo 197 15.0 7.6 237 14.5 59
Co 1002 142.2 14.2 1140 168.8 14.8
CoDiCo 445 22.0 4.9 456 26.5 5.8
CoDiCo" 382 23.2 6.1 405 52.9 13.1
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5.1.1.2 Post-mortem damage analysis

A DiCo SMC specimen that failed due to a tensile load at fatigue strain rate is
shown in Figure 5.1. Damage was strongly localized and only few transverse ma-
trix cracks were observed along the specimen apart from the location of final fail-
ure, which was characterized by fiber bundle pull-out and pseudo-delamination.
In contrast, Co SMC specimens showed a catastrophic failure behavior under ten-
sile load, that included fiber fracture as well as splitting and delamination along

the entire specimen length, as depicted in Figure 5.2.

80

Fiber pull-out Matrix cracks

Pseudo-delaminated
region

10 mm

Figure 5.1: DiCo SMC specimen tested under monotonic tensile load at fatigue strain rate.

Splitting cracks

Fiber fracture

Stitching fibers Delaminated CF strands -
10 mm

Figure 5.2: Co SMC specimens tested under monotonic tensile load at fatigue strain rate.



5.1 Mechanical properties and damage behavior under homogenous loading

The damage pattern of CoDiCo SMC under tensile load varied strongly from
specimen to specimen. In all cases, damage extended over a larger area compared
to the DiCo SMC specimens and the amount of pseudo-delamination in the
DiCo SMC ply was significantly higher. For the specimen shown in Figure 5.3,
pseudo-delamination of the DiCo SMC ply extended over approximately 30 mm in
both directions from the location of final failure, while in the rest of the specimen
almost no signs of damage could be observed. The fibers in the Co SMC ply
fractured locally in the region of final failure. Only a thin part of a carbon fiber
strand close to the specimen edge delaminated completely while in most part of
the specimen the interface between Co SMC and DiCo SMC remained intact. The
specimen in Figure 5.4 illustrates the delamination of the Co SMC plies over the
entire specimen length and width, along with a high amount of matrix cracking
and pseudo-delamination in the DiCo SMC ply.

CoDiCo”* SMC specimens showed large scale delamination between the 0°
and 90° Co SMC plies, as depicted in Figure 5.5. The 0° carbon fiber tows
predominantly fractured at the edge of an end tab and were split by longitudinal
cracks. Fiber bundle pull-out and pseudo-delamination were observed in the
DiCo SMC ply at the location of final failure.

Fiber fracture Delaminated CF strand

(a)

(b) 10 mm

10 mm

Fiber pull-out Pseudo-delamination

Figure 5.3: CoDiCo SMC specimen tested under monotonic tensile load at fatigue strain rate; damage
is localized around the region of final failure.
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Pseudo-delamination Delaminated le ply Fiber pull-out
e — _ I

10 mm

Figure 5.4: CoDiCo SMC specimen tested under monotonic tensile load at fatigue strain rate; Co SMC
plies delaminated completely and a high amount of matrix cracks is observed in the
DiCo SMC ply over the whole specimen length.

Delaminated 0° CF ply Broken/splitted CF strands

Pseudo-delamination Fiber pull-out 10 mm

Figure 5.5: CoDiCo”%" SMC specimen tested under monotonic tensile load at fatigue strain rate.

5.1.1.3 Determination of damage initiation

Additional tensile tests at quasi-static strain rate were carried out on DiCo SMC
and CoDiCo SMC. In these tests, AE analysis was used for damage monitoring
with the aim to determine the stress, at which initial damage occurs. The result is
plotted in Figure 5.6a for DiCo SMC. The specified stress corresponds to the mean
value of five specimens. An example of the results obtained in one corresponding
test is presented in Figure 5.6b, providing the stress response of a representative
specimen together with the respective peak amplitudes of the recorded AE signals
(HITs). A first HIT was determined at a stress of 56.8 MPa on average.
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@ (b)  [tension test on DiCo SMC: v= 2 mm/min, T=21°C
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Figure 5.6: Results obtained from AE analysis during quasi-static tensile tests of DiCo SMC.
(a) Mean value and scatter range of the stress at which the first HIT was recorded and
(b) force signal from a representative specimen including the peak amplitudes of the HITs.

Figure 5.7a reveals similar results for CoDiCo SMC, where the first HIT was
recorded at a stress of 56 MPa on average. As can be seen from Figure 5.7b this
HIT has a high peak amplitude.

@ (b) | tension CoDiCo SMC: v =2 mm/min, T=21°C
first HIT
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Figure 5.7: Results obtained from AE analysis during quasi-static tensile tests of CoDiCo SMC.

(a) Mean value and scatter range of the stress at which the first HIT was recorded and
(b) force signal from a representative specimen including the peak amplitudes of the HITs.
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5.1.2 Tension-tension fatigue behavior
5.1.2.1 Test parameters

Table 5.2 summarizes the investigated stress levels for the tested composites. The
specified values correspond to the homogenized maximum stress during cyclic
loading and are given both in % UTSY and in MPa. At least five specimens were
tested at each load level, if the applied stress led to failure of the specimen within
2.6-10° cycles. For the lowest load level, the number of specimens was reduced,
due to the long test durations.

Table 5.2: Load levels investigated in tension-tension fatigue tests.

DiCo SMC Co SMC CoDiCo SMC  CoDiCo”?® SMC

max. stress in max. stress in max. stress in max. stress in
%UTSF  MPa %UTSF MPa %UTSF MPa %UTSF MPa

79 187 75 855 90 405 85 344

68 163 70 798 85 382 75 304

58 137 65 741 80 360 65 263

51 120 60 684 75 337 55 223

42 100 55 627 70 315 48 194

37 87 65 292 40 162
60 270

5.1.2.2 Tension-tension fatigue behavior of DiCo SMC

Stress-life data

The S-N diagram in Figure 5.8 contains the results of the (uninterrupted) constant
amplitude fatigue tests on DiCo SMC as well as the results of the tensile test
at fatigue strain rate. Runouts are labeled with an arrow. The numbers behind
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5.1 Mechanical properties and damage behavior under homogenous loading

the arrows indicate the number of runouts at the corresponding maximum stress.
The left y-axis shows the maximum applied stress in MPa, while the right y-axis
ordinate shows the respective value in % UTSF. In the stress range between
100 MPa and 185 MPa, failure occurred due to fatigue. First runouts were obtained
ata maximum stress of 100 MPa (42 % UTSF). At87MPa (37 % UTSF), no failure
occurred within 2.6 - 10% cycles. Fatigue strength decreased by approximately
10 % UTSF per decade of cycles and was subject to scatter in the range of more
than two decades of cycles.

300 T-T fatigueDiCo SMC: R=0.1, T=21°C,f=5Hz
4120
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ﬁ 150 =] m 1 D0mE = bE
5 | o 0 Oog 00 O 160 @
£ g o om @ 5
g 1004 o Dumg_—:g_ 40 %
< E
€ 50 120 E
0 0

10° 100 10?2 100 100 10° 10° 107
number of cyclesto failure N

Figure 5.8: S-N data of DiCo SMC under tension-tension (T-T) fatigue load.

Post-mortem analysis of macroscopic damage

DiCo SMC specimens, that were tested at 79 % UTSF, showed a similar damage
pattern compared to those that were tested monotonically (Figure 5.1). As demon-
strated in Figure 5.9, damage was highly localized, while hardly any matrix cracks
were visible apart from the region of final failure. The specimen in Figure 5.10
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was tested at 51 % UTSF and revealed a high density of matrix cracks along the
entire specimen length. The crack distribution was not homogenous due to local
variations of the fiber content and fiber orientation distribution. In general, the
crack density was higher in specimens that failed in the high cycle fatigue range
than in specimens, that failed after fewer cycles.

Fiber pull-out Matrix cracks

Pseudo-delaminated region

10 mm

Figure 5.9: DiCo SMC specimen that was tested at a maximum stress of 187 MPa and failed after
71 cycles due to fatigue.

Pseudo-delamination Matrix cracks

Fiber pull-out 10 mm

Figure 5.10: DiCo SMC specimen that was tested at a maximum stress of 120 MPa and failed after
approximately 3 - 10° cycles due to fatigue.

Stress-strain behavior

The hysteresis loops of three representative specimens that were tested at different
load levels are displayed in Figure 5.11. The specimen in Figure 5.11a was tested
at the highest load of 79 % UTSF and failed in the low cycle fatigue range after
27 cycles. A slight tilting of the hysteresis loop correlated with an increasing
number of cycles. The specimen tested at 58 % UTSF in Figure 5.11b failed in
the high cycle fatigue range after 75,497 cycles. A shift of the hysteresis loop
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5.1 Mechanical properties and damage behavior under homogenous loading

(shift of the minimum strain) by approximately 0.13 % strain correlated with an
increasing number of cycles and an increasing tilt. Final failure occurred at a lower
maximum strain compared to the specimen tested at 79 % UTSF. Figure 5.11c
shows the hysteresis loops of a runout specimen that was tested at 42 % UTSF. A
shift of approximately 0.05 % strain was observed together with slight tilting of
the hysteresis loops.
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Figure 5.11: Representative hysteresis loops of DiCo SMC specimens under tension-tension fatigue

load obtained at (a) 79 % (N¢ = 27), (b) 58 % (Nt = 75,487) and (c) 42 % UTSF (runout),
respectively.
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5 Experimental results

Stiffness degradation

The evolution of the normalized dynamic stiffness, which describes the tilt of the
hysteresis loops, is depicted in Figure 5.12 for the different maximum applied
stresses. Normalized values were used for comparability. The absolute values
can roughly be estimated from Figure 5.12, using the average initial stiffness of
DiCo SMC of 13.9 GPa (i = 0.8 GPa). The intial stiffness refers to the value
of the fourth cycle, which was chosen due to slight irregularities in the start-up
behavior of the machine. Each line represents a single specimen having a fatigue
life in the medium range, compared to other specimens tested at the same stress
level.

T-T fatigue DiCo SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.12: Normalized dynamic stiffness of representative DiCo SMC specimens under tension-
tension fatigue load at different load levels; 100 % UTSF = 237 MPa, Egyng =13.9 GPa
(1= 0.8 GPa).

Cyclic loading led to a degradation of the dynamic stiffness. The degradation rate

increased in relation to the applied load. At maximum stresses between 51 % and
68 % UTSF, stiffness degradation rate started to markedly increase shortly before
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5.1 Mechanical properties and damage behavior under homogenous loading

final failure after a total stiffness loss of 11 % to 14 %. Separation of the specimen
occurred after a total stiffness loss of 16 % to 20%. The specimen tested at
79 % UTSF showed a considerably lower stiffness loss of less than 5 % before final
failure. The specimen tested at 42 % UTSF did not fail within 2.6 - 10° cycles, but
a stiffness loss of approximately 5 % was observed, nevertheless. At 56.8 MPa,
which corresponds to the average stress at which initial damage was recorded
during a monotonic tension test (cf. Figure 5.6), no stiffness degradation was
observed at all. In Figure 5.13, the results are expressed as damage parameter
D over the normalized number of cycles. The evolution of damage with respect
to the normalized fatigue life was largely independent of the applied load. The
damage parameter for specimens tested at maximum stresses between 51 % and
69 % UTSF showed a similar course, while only the specimen that was tested at
79 % UTSF and failed after 27 cycles, showed a deviant behavior.
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Figure 5.13: Damage parameter of DiCo SMC obtained under tension-tension fatigue load;
100 % UTSF = 237 MPa, Eqyn4 = 13.9 GPa (12 = 0.8 GPa).
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Damage evolution

Damage evolution is illustrated in Figure 5.14. The upper left depicts the stiffness
degradation curve of a specimen tested at 58 % UTSF. The remaining figure panel
entails microscopic images of a small section of the specimen edge that was
captured after different numbers of cycles. The initial scan is shown in the upper
right.

1 mm

Figure 5.14: Stiffness degradation curve of a DiCo SMC specimen tested at 58 % UTSF and micro-
scopic images of a section of one specimen edge after different numbers of cycles; filled
arrows indicate matrix cracks and hollow arrows indicate pseudo-delamination.

After 10 cycles, a first crack appeared, that is marked by the red arrow in the
middle left panel. Three more cracks were visible in this section after 10* cycles
starting from the specimen edges with considerable distance to each other. Up
to this point, the specimen lost approximately 4.5 % of its initial stiffness. With
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5.1 Mechanical properties and damage behavior under homogenous loading

additional cycles, more cracks emerged with a smaller distance in between each
other. Cracks started to accumulate and pseudo-delamination could be observed,
marked by hollow arrows in the bottom panels. This resulted in a total stiffness
loss of 9% and 14.5 % after 10* and 7 - 10* cycles, respectively. Final failure
occurred 258 cycles after the last image was taken outside of the observed length.
The damage pattern in terms of crack length and distance was dependent on the
local microstructure, that varied extensively along the specimen. Figure 5.15
shows a different region of the same specimen presented in Figure 5.14, featuring
large matrix-rich regions with long cracks and fiber-rich regions with small cracks.

Fiber-rich area
=\

— — ——
Matrix-rich area 1 mm

Figure 5.15: Microscopic image of a DiCo SMC specimen tested at 58 % UTSF after 7 - 10* cycles
showing the inhomogeneity in the fiber volume content and the resulting damage pattern.

Matrix cracks were counted and measured at both specimen edges within the
gauge length of the extensometer. The weighted crack length determined after
different numbers of cycles is given in Figure 5.16, together with the damage
parameter derived from the stiffness degradation curve shown in Figure 5.14.
Due to partially missing data on one side of the specimen after 10° cycles, one
data point is missing in the diagram. Nevertheless, a similar development of
the damage parameter, derived either from the stiffness degradation data or the
weighted crack length, could be observed from Figure 5.16.

Comparable results were observed for a second specimen tested at the same
maximum stress, as well as for one specimen tested at 51 % UTSF in Figure 5.17
and Figure 5.18, respectively.
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Figure 5.16: (a) Damage parameter of a DiCo SMC specimen tested at 58 % UTSF and (b) weighted
crack length determined from both specimen edges within the gauge length of the
extensometer after different numbers of cycles.
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Figure 5.17: (a) Damage parameter of a second DiCo SMC specimen tested at 58 % UTSF and
(b) weighted crack length determined at both specimen edges within the gauge length of
the extensometer after different numbers of cycles.

Figure 5.19a delineates the conversion factor between the damage parameter
and the corresponding weighted crack length for the different specimens. A
connection between the two quantities was not determinable at low numbers of
cycles, where the weighted crack length was very small, but became more definite
with increasing numbers of cycles and thus higher weighted crack lengths. The
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5.1 Mechanical properties and damage behavior under homogenous loading

conversion factor ranged between 0.1 mm and 0.2 mm. Expressed in terms of
the absolute stiffness loss, the conversion factor was between 1.5 GPa-mm and
3 GPa-mm (Figure 5.19b).

b
@ Q»O.lS ( )-—,<E 12
£ £
Bt £10
& 2
.10 o8
-
o I5)
5 306
5 %
& 0.05 / 5 04
& T
& < 02
& k= |
© 000 ! | 200 Al
10° 100 10° 10° 10* 10° 10° 100 10?2 10° 10* 10°
number of cyclesN number of cyclesN
Figure 5.18: (a) Damage parameter of a DiCo SMC specimen tested at 51 % UTSF and (b) weighted
crack length determined from both specimen edges within the gauge length of the
extensometer after different numbers of cycles.
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Figure 5.19: Correlation factor between (a) damage parameter and weighted crack length and (b) ab-

solute stiffness loss and weighted crack length for different DiCo SMC specimens.
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IR Thermography observations

(a) T-T fatigue DiCo SMC: R=0.1, T=21°C, f=5Hz
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Figure 5.20: (a) Stiffness degradation curve and (b) IR images of a DiCo SMC specimen captured
during a tension-tension fatigue test at 58 % UTSF after different numbers of cycles.
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5.1 Mechanical properties and damage behavior under homogenous loading

The evolution of temperature over time of a representative DiCo SMC specimen
is shown in Figure 5.20. Images were taken after different numbers of cycles that
are marked red in the stiffness degradation curve in Figure 5.20a. Infrared images
in Figure 5.20b visualize the temperature distribution over the clamped specimen
prior to applying the load. Temperature data was extracted over the specimen
length along the scale in Figure 5.21a to capture the onset of localization at the
specimen edges. The respective temperature profile is depicted in Figure 5.21b
for different numbers of cycles.

(a) (b) 100
POI 2 80 |
E 60
R=
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20 -
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25 30 35 40 45
20 mm temperature in °C

Figure 5.21: (a) DiCo SMC specimen tested at 58 % UTSF marked with a scale, along which the
temperature data was extracted and (b) temperature profile over specimen length after
different numbers of cycles N.

Temperature increased almost uniformly over the specimen length within the
first cycles. Higher temperatures observed near the lower clamp were due to the
temperature of the jaw and not damage-related. After approximately 2 - 10* cycles
(panel 4), temperature increased more localized with a marked peak at POI 1
(location of final failure). A less pronounced localization was visible at POI 2
after approximately 5 - 10* cycles (panel 5). The lower temperatures at 20 mm
and 70 mm were caused by the clamps, that attached the extensometer to the

95
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specimen. The localized temperature increase at 40 mm (POI 1) and 80 mm
(POI 2) could be seen after 4.45 - 103 cycles and became more pronounced after
5.11-10* cycles. With increasing numbers of cycles beyond this point, a further
temperature increase was limited to the region around POI 1.

5.1.2.3 Tension-tension fatigue behavior of Co SMC
Stress-life data

Figure 5.22 shows a fatigue life diagram of Co SMC. The stress range in which
specimens failed due to fatigue was between 680 MPa and 855 MPa. All speci-
mens loaded at 625 MPa, which corresponds to 55 % UTSF, were runouts. Fatigue
strength decreased by approximately 5% UTSF per decade of cycles. Scatter
was more pronounced than in DiCo SMC. Looking at the results obtained at
70 % UTSF, for example, the scatter range covers between 31 and approximately
1.2 - 10° cycles.
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Figure 5.22: S-N data of Co SMC under tension-tension fatigue load.
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5.1 Mechanical properties and damage behavior under homogenous loading

Post-mortem analysis of damage mechanisms

The Co SMC specimens tested under cyclic loading showed a catastrophic failure
behavior characterized by a large number of splitting cracks, delamination and
fiber bundle fracture analogous to the specimens that were tested monotonically
(Figure 5.2). Figure 5.23 shows a Co SMC specimen that was tested at a maximum
stress of 685 MPa (60 % UTSF) and did not fail within 2.6 - 10° cycles. Splitting
cracks in the outer carbon fiber ply could nevertheless be observed along with
large-scale delamination at the specimen edges.

Splitting cracks 10 mm
(b)
Interlaminar delamination ! !Dry fibers 10 mm

Figure 5.23: Damage pattern of a Co SMC specimen after 2.6 - 10° cycles at a maximum stress of
60 % UTSE.

Stress-strain behavior

The hysteresis loops of three different Co SMC specimens are shown in Figure 5.24.
The specimen in Figure 5.24a was tested at the highest maximum stress of 855 MPa
and failed after 212 cycles. The composite exhibited tension stiffening behavior,
meaning that stiffness increased with applied stress. A shift of approximately
0.1 % strain could be observed. At 65 % UTSF, an overall shift of the hysteresis
loop of approximately 0.3 % strain was measured, which was considerably higher
compared to DiCo SMC. Final failure occurred at a higher maximum strain than
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in the specimen tested at 75 % UTSF. The hysteresis loop of the runout specimen
(Fig. 5.24c) also showed a considerable amount of shift and tilt. The slope of
the hysteresis loops slightly increased with increasing stress, while the slope was
almost constant or slightly decreased for DiCo SMC.
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Figure 5.24: Hysteresis loops of Co SMC specimens under tension-tension fatigue load obtained at
(a) 75 % (N =212), (b) 65 % (N = 1,824,228) and (c) 60 % UTSF (runout), respectively.
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5.1 Mechanical properties and damage behavior under homogenous loading

Stiffness degradation

The normalized stiffness degradation curves of Co SMC specimens are illustrated
in Figure 5.25. At a maximum stress of 65 % UTSF, no valid strain data for spec-
imens with an average fatigue life was available, compared to other specimens
tested at the same stress level. Therefore, data is presented for two specimens,
of which one showed a fatigue life above and one below average. Several jumps
occurred in the stiffness degradation curves that were observed to be caused fiber
cluster fracture. Occurrence of such fiber cluster fractures within the measuring
length led to a sudden drop of stiffness. An (apparent) increase of stiffness was
determined for the specimen tested at 65 % UTSF after approximately 500 cycles.
The overall stiffness loss before separation of the specimens increased with de-
creasing applied load. At 75 % UTSF final failure occurred after a stiffness loss
of approximately 17.5 %, while for the specimens tested at 65 % UTSF a stiffness
loss of 30 % was observed. The specimen tested at 60 % UTSF lost 16 % of its
initial stiffness due to cyclic loading.
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Figure 5.25: Normalized dynamic modulus of Co SMC under tension-tension fatigue load;
100% UTSF = 1140 MPa, Egyn4 = 103.9 GPa (1 = 2.1 GPa).
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A similar trend of the damage evolution was observed for the different applied
maximum stresses from the assessment of the damage parameter in Figure 5.26.
Notably, local fiber cluster fracture leading to jumps in the damage curve appeared
at different times during the fatigue life, that could not be correlated with the
applied maximum stress. The specimen tested at 70 % UTSF was subject to a
considerable amount of damage at an early stage of fatigue life. Looking at the
other specimens, a first jump in the damage curve was observed after more than
50 % their respective fatigue life.
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Figure 5.26: Damage parameter of Co SMC obtained under tension-tension fatigue load;
100 % UTSY = 1140 MPa, Egyna =103.9 GPa (1 = 2.1 GPa).
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5.1.2.4 Tension-tension fatigue behavior of CoDiCo SMC

Stress-life data

The stress range in which CoDiCo SMC specimens failed due to fatigue within
2.6-10° cycles was between 290 MPa and 380 MPa, as can be seen from Fig-
ure 5.27. Above 380 MPa, specimens were likely to fail immediately or within
the first few cycles. At a maximum stress of 270 MPa, which corresponds to
approximately 60 % UTSF, no specimen failed within the considered number of
cycles. Single runouts were also obtained at higher stresses of up to 75 % UTSF.
For most stress levels, scatter was in the range of three decades of cycles.
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Figure 5.27: S-N data of CoDiCo SMC under tension-tension fatigue load.
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Post-mortem analysis of macroscopic damage

Figure 5.28 shows a CoDiCo SMC specimens that failed due to cyclic loading
at 85% UTSF. The main damage mechanisms were very similar to the ones
observed under monotonic loading, such as splitting cracks and fiber fractures
in the Co SMC ply, delamination between the Co SMC and DiCo SMC plies,
as well as fiber bundle pull-out and pseudo-delamination in the DiCo SMC ply.
The density of splitting cracks was higher in specimens tested under cyclic load.
Additionally, a large amount of matrix spalling at the surface was observed for
cyclically loaded specimens and the crack density in the DiCo SMC ply was
higher across the entire specimen length. The proportion of the different damage
mechanisms was very distinct from specimen to specimen.

(a) Fiber fracture Splitting cracks

Delaminated CF strand Pseudo-delamination 20 mm

Figure 5.28: (a) Topview and (b) sideview of a CoDiCo SMC specimen tested at 85 % UTSF after
fatigue failure.

CoDiCo SMC specimens that did not fail within the considered number of cycles
showed no or only minor signs of damage in the form of detached stitching fibers,
some splitting cracks and partial delamination in the Co SMC ply at the specimen
edge (Figure 5.29a). In the DiCo SMC ply, a large amount of matrix cracks
along the entire specimen was observed, of which only a few were marked in
Figure 5.29b.
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(a) Detached stitching fibers

Splitting cracks
(b)

Matrix cracks

10 mm

Figure 5.29: (a) Topview of the Co SMC ply and (b) sideview of the DiCo SMC ply of a CoDiCo SMC
specimen loaded at 60 % UTSF after 2.6 - 10° cycles.

Stress-strain data

The evolution of the hysteresis loops of CoDiCo SMC specimens was mainly
characterized by increasing tilt. Only a small amount of shift could be observed.
The composite exhibited slight tension stiffening, similar to Co SMC (cf. Fig-
ure 5.24). For the specimen depicted in Figure 5.30b tested at 89 % UTSF, a shift
of less than 0.1 % strain was determined after 2.3 - 10° cycles, shortly before final
failure. This is considerably less than what was observed for DiCo and Co SMC.

Stiffness degradation

As can be seen from Figure 5.31, the dynamic stiffness decreased in an almost
linear manner (approximately 1 % stiffness loss per decade of cycles) for a large
range of fatigue life and showed a sudden drop, which occurs the sooner, the
higher the applied load.

The damage parameter of the specimens tested at loads between 70 % UTSF and
80 % UTSF showed a similar course, when related to the normalized number of
cycles. A deviation occurred within the last 20 % of fatigue life in form of an abrupt
rise of the curve. The specimen tested at 85 % UTSF displayed a higher amount
of damage initiated at an early stage of fatigue life, compared to the specimens
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Figure 5.30: Hysteresis loops of CoDiCo SMC specimens under tension-tension fatigue load obtained
at(a) 85 % (N¢=4,524), (b) 80 % (N =23,306) and (c) 65 % UTSF (runout), respectively.

tested at lower stresses. For CoDiCo SMC, the relative stiffness loss during fatigue
was smaller compared to DiCo SMC throughout most of the specimens’ fatigue
lives. Comparing Figure 5.32 and Figure 5.13, DiCo SMC specimens lost between
11 % and 14 % of their initial stiffness after 90 % of their fatigue life, while the
corresponding stiffness loss for most CoDiCo SMC specimens was between 5 %
and 9 % in the same stage of fatigue life.
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T-T fatigue CoDiCo SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.31: Normalized dynamic stiffness of CoDiCo SMC under tension-tension fatigue load;
100 % UTSF = 456 MPa, Egyng =36.48 GPa (= 1.9 GPa).
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Figure 5.32: Damage parameter of CoDiCo SMC obtained under tension-tension fatigue load;
100 % UTSF = 456 MPa, Eqyn 4 = 36.48 GPa (1 = 1.9 GPa).
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Damage evolution

Microscopic images obtained after different numbers of cycles during interrupted
fatigue tests are presented in Figure 5.33 for a CoDiCo SMC specimen that was
tested at 75 % UTSF. Within the observed section, the first damage occurred after
100 cycles in the form of carbon fiber fracture. This damage was limited to a
region close to the specimen edge. Further cyclic loading caused evolution of
matrix cracks (marked by filled arrows) and growing delamination around the
broken fibers (marked by the hollow arrow). After 10* cycles, the specimen lost
approximately 4.5 % of its initial stiffness. A large stiffness drop appeared in the
following load step. After 10° cycles, pseudo-delamination (marked by hollow
arrows) connecting the matrix cracks was observed.

2 mm

Figure 5.33: Small section of the edge of a CoDiCo SMC specimen tested at 75 % UTSF after different
numbers of cycles. Filled arrows indicate matrix cracks, hollow arrows indicate pseudo-
delamination and ellipses mark carbon fiber fracture.
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SRR TR v

|

2 mm

Figure 5.34: Edge of a CoDiCo SMC specimen tested at 75 % UTSF after different numbers of cycles.
Hollow arrows indicate regions in which cracks connect across the entire thickness.
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Such connected crack networks were detected at various locations across the entire
specimen length, as can be seen from Figure 5.34, which depicts a larger section
of the same specimen after different numbers of cycles. The specimen failed after
four more cycles outside the gauge length. The location of final failure is shown
in Figure 5.35. Final failure was characterized by fiber bundle pull-out and a large
amount of pseudo-delamination. Furthermore, parts of the DiCo SMC ply were
broken off.

(a) Pseudo-delamination Matrix cracks

-

(b)

Pulled-out fiber bundles Pseudo-delamination 2 mm

Figure 5.35: Microscopic image of (a) the upper and (b) the lower half of a CoDiCo SMC specimen
tested at 75 % UTSF showing the location of final failure.

The weighted crack length in the DiCo SMC ply was assessed at both specimen
edges within the gauge length of the extensometer. The results are shown in
Figure 5.36 along with the damage parameter derived from the stiffness degra-
dation curve shown in Figure 5.33. The weighted crack length showed a similar
development compared to DiCo SMC (Figure 5.16).

The conversion factor between damage parameter and the weighted crack length is
given in Figure 5.37a, in comparison to the corresponding results determined for
DiCo SMC (cf. Figure 5.37). The conversion factor was below 0.08 mm and thus
lower than the observed values obtained DiCo SMC up to 10* cycles. The factor
increased to 1.4 mm at 103 cycles after the drop in the stiffness degradation curve
occurred, which was a result of local failure and delamination of the Co SMC ply.
Considering the absolute stiffness loss in Figure 5.37b, the conversion factor was
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5.1 Mechanical properties and damage behavior under homogenous loading

within the range of the values determined for DiCo SMC up to a cycle number of
10* and exceeded those at 10°, after local failure of the Co SMC ply occurred.
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Figure 5.36: (a) Damage parameter of a CoDiCo SMC specimen tested at 75 % UTSF and (b) weighted
crack density in the DiCo SMC ply determined from both specimen edges within the
measuring length of the extensometer after different numbers of cycles.
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Figure 5.37: Correlation factor between (a) damage parameter and weighted crack length and (b) abso-
lute stiffness loss and weighted crack length for a CoDiCo SMC and different DiCo SMC
specimens.

109



5 Experimental results

IR thermography analysis

(a) g - T-T fatigue CoDiCo SMC: R = 0.1, T=21 °C, f= 5 Hz
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Figure 5.38: (a) Stiffness degradation curve and (b) IR images of a CoDiCo SMC specimen captured
during a tension-tension fatigue test at 80 % UTSF after different numbers of cycles.
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5.1 Mechanical properties and damage behavior under homogenous loading

Figure 5.38b illustrates the temperature evolution in a representative CoDiCo SMC
specimen over the number of cycles. Images were captured at the cycles marked
in the stiffness degradation curve (Figure 5.38a). The evolution of temperature is
shown in Figure 5.39b along the line in Figure 5.39a. The temperature increase
was higher and more homogenous over the specimen length for a longer duration
compared to DiCo SMC specimens (Figure 5.20). Localization occurred no earlier
than after roughly 3,000 cycles prior to final failure.

(@) ®) 10,

80+

60

position in mm

40 1

204 111

temperature in °C

20 mm

Figure 5.39: (a) CoDiCo SMC specimen tested at 80 % UTSF marked with a line, along which the
temperature data was extracted and (b) temperature profile over specimen length after
different numbers of cycles.
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5.1.2.5 Tension-tension fatigue behavior of CoDiCo%°° SMC

Stress-life data

The S-N data of CoDiCo”*® SMC specimens is presented in Figure 5.40. Failure
due to fatigue occurred at stresses between approximately 194 MPa and 344 MPa,
which corresponds to 85 % UTSF and 48 % UTSF, respectively. Two specimens
tested at 194 MPa did not fail within the considered number of cycles. Above
344 MPa, all specimens failed immediately. At 40 % UTSF, no failure occurred
due to fatigue.

T-T fatigue CoDiCo”® SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.40: S-N data of CoDiCo"”°° SMC under tension-tension fatigue load.

Post-mortem analysis of macroscopic damage

Analogous to the observations under monotonic tensile load, specimens that were
tested at 75 % UTSF showed large scale delaminations of the 0° carbon fiber plies,

112



5.1 Mechanical properties and damage behavior under homogenous loading

whereas the interface between the 90° ply and DiCo SMC ply remained largely
intact (Figure 5.41). Fiber fracture occurred at different positions across the entire
specimen length and not exclusively alongside to the end tabs, as observed for the
monotonically loaded specimens. The density of splitting cracks too was higher
compared to the monotonically loaded specimens.

(a) Delaminated 0° CF strands 90° CF ply

Fiber fracture Splitting cracks 10 mm

(b)

Fiber pull-out Matrix cracks 10 mm

Figure 5.41: (a) Topview and (b) sideview of a CoDiCo”*® SMC specimen loaded at 75 % UTSF after
final failure.

For specimens tested at lower maximum stresses, damage was more localized.
The specimen presented in Figure 5.42 was tested at 55 % UTSF. Fiber fracture,
splitting cracks and delamination between the 0° and the 90° plies occurred in the
region of final failure. In contrast, only few splitting cracks were observed across
the rest of the specimen length together with partial delamination of a misaligned
0° carbon fiber tows at the specimen edge.

Figure 5.43 depicts a runout specimen tested at 40 % UTSF. Delicate splitting
cracks were observed across the entire 0° carbon fiber ply. Several cracks in the
90° ply could be detected in the region where the 0° strands were pushed apart
due to the material flow during manufacturing.
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(a) Splitting cracks Broken strands

(b) Pseudo-delamination

Fiber pull-out

10 mm

Figure 5.42: (a) Topview and (b) sideview of a CoDiCo”?" SMC specimen loaded at 55 % UTSF after
final failure.

90° ply cracks 2 mm

Splitting crack 5 mm

Figure 5.43: CoDiCo”?° SMC specimen loaded at 40 % UTSF after 2.6 - 10° cycles.
Stress-strain data

Generally, the evolution of the hysteresis loops was comparable to CoDiCo SMC
with a 0° carbon fiber reinforcement only. The shift of the hysteresis loops was
negligibly small in the low cycle fatigue range (Figure 5.44a) and more pronounced
in the high cycle fatigue range (Figure 5.44b). However, independent of the applied
stress, less than 0.1 % strain was detected. For the runout specimens, a slightly
stronger shift was observed, compared to that of CoDiCo SMC (Figure 5.44c).
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Figure 5.44: Hysteresis loops of CoDiCo”?® SMC under tension-tension fatigue load obtained at
(2) 85 % (Ng=1,419), (b) 55 % (N¢ =276,229) and (c) 40 % UTSF (runout), respectively.

Stiffness degradation

The stiffness degradation behavior (Figure 5.45) was comparable the previously
described CoDiCo SMC configuration in Figure 5.31 with approximately 1 % to
1.5 % stiffness loss per decade of cycles. A different behavior was observed in the
last phase of fatigue life, where the stiffness decrease was less abrupt. The overall
stiffness loss prior to final failure was higher compared to the other CoDiCo SMC
configuration. The lower the applied load was, the higher the overall stiffness
loss.

115



5 Experimental results

| T-T fatigue CoDiCo¥® SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.45: Normalized dynamic stiffness of CoDiCo”? SMC under tension-tension fatigue load;
100 % UTSF = 405 MPa, Egyng =30.19 GPa (u = 1.0 GPa).
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Figure 5.46: Damage parameter of CoDﬁiCoO/90 SMC obtained under tension-tension fatigue load;
100 % UTSF = 405 MPa, Eqyy 4 = 30.19 GPa (1 = 1.0 GPa).
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5.1 Mechanical properties and damage behavior under homogenous loading

Stiffness loss greater than 12 % on average was determined at 90 % of fatigue
life (Figure 5.46). A higher applied load tended to result in separation of the
specimens after exhibiting a lower amount of damage. For the specimens tested
at 55 % UTSF and 75 % UTSF, a small jump of the curve led to a deviant behavior.

Damage evolution

A CoDiCo” SMC specimen tested at 55 % UTSF depicted in Figure 5.47 shows
several ply cracks in the 90° Co SMC ply, then could be observed after as little
as 10 cycles. These cracks grew into the DiCo SMC ply with additional loading,
which can be seen in more detail in Figure 5.47, showing two magnified sections,
that are marked by a green and a blue box. Furthermore, these cracks initiated
delamination between the 0° and the 90° Co SMC ply, highlighted by hollow
arrows. After 10° cycles, one crack grew far into the middle of the DiCo SMC
ply and finally connected with another crack network coming from the other side
of the specimen, which led to its separation. The number of matrix cracks that
formed within the DiCo SMC ply independently of the cracks in the 90° plies,
was small compared to the crack density that was observed in DiCo SMC and
CoDiCo SMC specimens.
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2 mm

Figure 5.47: Edge of a CoDiCo”% SMC specimen that was tested at 55% UTSF after different
numbers of cycles.
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1 mm 1 mm

Figure 5.48: Magnified view on the damage mechanisms in a CoDiCo”" SMC specimen tested at
55% UTSF after different numbers of cycles.
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5.2 Mechanical properties and damage
behavior under application-related loading

5.2.1 Flexural properties
5.2.1.1 Ultimate flexural strength

Results of the bending tests at quasi-static and fatigue strain rate are summarized
in Table 5.3. In terms of CoDiCo SMC, only the configuration with a 0° carbon
fiber reinforcement was examined under application-related loading. Increasing
the strain rate led to an enhanced flexural strength of Co SMC, DiCo SMC and
CoDiCo SMC by 3% 11 % and 10 %, respectively.

Table 5.3: Ultimate flexural strength of all analyzed materials determined at quasi-static strain rate
UFS® (crosshead velocity of 2mm/min for Co SMC and DiCo SMC and 5 mm/min for
CoDiCo SMC) and fatigue strain rate UFSF (crosshead velocity of 90 mm/s for Co SMC
and DiCo SMC and 180 mm/s for CoDiCo SMC). Failure was defined by a force drop of
>80 %.

UFSS UFSF

zinMPa pinMPa CVin% zinMPa pinMPa CVin%

DiCo 399 47 11.9 425 30 7.1
Co 930 91 9.8 962 60 6.2
CoDiCo 616 65 10.6 678 21 3.1

5.2.2 Bending fatigue behavior
5.2.2.1 Bending fatigue test parameters

Table 5.4 summarizes the stress levels employed for the bending fatigue tests.
The stated values correspond to the maximum homogenized stresses, which were
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5.2 Mechanical properties and damage behavior under application-related loading

calculated by 4.9, neglecting the macroscopically inhomogenous microstructure.
Of note, these values do not correspond to the actual local stresses within the
plies, but allow for a comparison of the different material systems.

Table 5.4: Investigated stress levels for all analyzed materials in terms of maximum homogenized
stress both in % UFSF and in MPa.

DiCo SMC Co SMC CoDiCo SMC
applied load in applied load in applied load in
% UFSF MPa % UFSF MPa % UFSF MPa
69 295 80 769 90 611
61 261 70 673 85 577
55 232 60 577 80 543
47 199 50 481 75 509
39 166 70 475
31 133

5.2.2.2 Bending fatigue behavior of DiCo SMC
Stress-life data

The fatigue life diagram of DiCo SMC is shown in Figure 5.49. Failure due
to cyclic loading was defined by a stiffness degradation of at least 80 % and
occurred in the stress range between 166 MPa and 295 MPa. Depending on the
load level, scatter in the range of one to three decades of cycles was observed,
which is comparable to the range of scatter in tension-tension fatigue tests. A
first runout was obtained at a maximum stress of 166 MPa, which corresponds to
approximately 39 % UFSF. At 133 MPa (31 % UFSF), no specimens failed with
the conducted range of 2.6 - 10° cycles.
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bending fatigue DiCo SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.49: S-N data of DiCo SMC under cyclic bending.
Post-mortem damage analysis

The DiCo SMC specimen shown in Figure 5.50 was tested at 47 % UFSF and failed
after approximately 1.5 - 10° cycles. The location of final failure was characterized
by matrix cracking, pseudo-delamination and fiber bundle pull-out on the tension-
loaded side. Several transverse matrix cracks were observed outside of the site of
final failure, that were not or barely present in monotonically tested specimens.
The compression-loaded side showed only a small amount of damage in the
form of matrix-bundle separation on the surface. The whitish color identified
the pseudo-delaminated area. The damage pattern was similar for all specimens
tested at different loads.

Figure 5.51 shows a specimen that was tested at 31 % UFSF and did not fail within
2.6-10°cycles. While no signs of damage were evident on the compression
loaded side, matrix cracks and pseudo-delamination spreading from the specimen
edges were observed on the tension-loaded side.
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5.2 Mechanical properties and damage behavior under application-related loading

Pseudo-delaminated region

(@

Detached fiber bundles
(b) 10 mm

Matrix cracks Fiber pull-out 10 mm

Figure 5.50: (a) Compression-loaded side and (b) tension-loaded side of a DiCo SMC specimen tested
under bending fatigue load at 47 % UFESF after final failure.

@

Pseudo-delaminated region

(b)

v

Matrix cracks 10 mm

Figure 5.51: (a) Compression-loaded side and (b) tension-loaded side of a DiCo SMC specimen tested
under bending fatigue load at 31 % UFSF after 2.6 - 10° cycles.
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Stiffness degradation

The normalized dynamic modulus of six DiCo SMC specimens, that were tested
at different maximum stresses, is presented in Figure 5.52. The specimens were
chosen to be representative for the analyzed stress level, showing an average fatigue
life compared to the other specimens tested at the same load.

bending fatigue DiCo SMC: R=0.1, T=21°C,f=5Hz |
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—o— 61% UFS™ l

—a— 55% UFS™

029 —— 479% UFSF

—<— 39% UFS™

—v— 31% UFS™
T T

normalizd dynamic stiffness Ey /By, 4
0-0-00—0

0.0 T T T T
10° 10t 10> 100 10* 10° 100 107
number of cyclesN

Figure 5.52: Normalized dynamic stiffness of DiCo SMC under cyclic bending load;
100% UFSF = 425 MPa, Eqyn4 = 12.6 GPa (1 = 1.6 GPa).

The stiffness degradation curves could each be categorized into three phases.
Within the first 100 cycles, stiffness strongly decreased by 3 % to 8 % at loads
between 39 % UFSF and 61 % UFSF. The stiffness degradation was the more
pronounced, the higher the applied load. After 100 cycles, the degradation curves
flattened and stiffness degradation progressed at a lower rate, that was dependent
on the applied load. The third phase was characterized by another continuous
increase of the degradation rate prior to final failure of the specimens. In case of
the specimen tested at 31 % UFSF, almost no stiffness degradation was observed
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5.2 Mechanical properties and damage behavior under application-related loading

after 100 cycles. For the specimen tested at 69 % UFSF, no definite distinction
between the different phases of fatigue life was possible.

Figure 5.53 shows the stiffness degradation of the same specimens expressed in
terms of the damage parameter over the normalized number of cycles. The curves
representing the specimens tested at loads between 61 % UFSF and 39 % UFSF
showed a similar progression. After 90 % of fatigue life, the specimens lost more
than 20 % of their initial stiffness. A deviating behavior was only seen for the
specimen tested at 69 % UFSF.
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Figure 5.53: Damage parameter of DiCo SMC under cyclic bending load; 100% UFSF = 425 MPa,
Egyna =12.6 GPa (11 = 1.6 GPa).

5.2.2.3 Bending fatigue behavior of Co SMC
Stress-life data

Figure 5.54 shows the fatigue life diagram of Co SMC. Fatigue strength decreased
roughly by 100 MPa per decade of cycles, on average. Scatter was in the range of
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approximately three decades of cycles for all tested stress levels. Five out of six
specimens tested at 577 MPa (60 % UFSF), failed within 2.6 - 10° cycles, whereas
all specimens tested at a maximum stress of 481 MPa (50 % UFSF) were runouts.
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Figure 5.54: S-N data of Co SMC under cyclic bending.

Post-mortem damage analysis

Damage under cyclic bending load started on the compression-loaded side, which
is depicted on the runout specimen in Figure 5.55, which shows fiber fracture
in the upper ply, where the loading nose applied the force. The tension-loaded
side showed no signs of damage. Final failure came with fiber fracture on the
tension-loaded side along with delamination (Figure 5.56).
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Splitting cracks

Fiber fract
iber fracture Tomm

Figure 5.55: Topview of a Co SMC specimen (runout) tested at 50 % UFSF after 2.6 - 10° cycles.

Fiber fracture

Loading direction

Fiber fracture Delamination

10 mm

Figure 5.56: Co SMC specimen tested at 60 % UFSF after final failure.
Stiffness degradation

In comparison to DiCo SMC, the overall loss of stiffness during cyclic loading
was comparatively small (Figure 5.57). It was approximately 2 % to 4 % prior
to a spontaneous drop in the degradation curve that led to a further stiffness
reduction at an increased degradation rate and ultimately resulted in final failure.
Such drops originated from fiber fracture on the compression-loaded side of the
specimen. The overall stiffness loss before final failure was higher in specimens
that were tested at lower stresses. For the runout specimen, that was tested at
50 % UFSF, no significant decrease of the dynamic stiffness was determined for
up to 2.6 - 10° cycles.

In terms of the damage parameter over the normalized fatigue life (Figure 5.58),
the curves were comparable only at the beginning of the fatigue life. Over the
subsequent course of loading, jumps of the damage curves appeared spontaneously
at various relative fatigue lives.
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bending fatigue Co SMC: R=0.1, T=21°C,f=5Hz
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Figure 5.57: Normalized dynamic stiffness of Co SMC under cyclic bending load;
100% UFSF = 932 MPa, Eqyn4 = 72.6 GPa (12 = 1.9 GPa).
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Figure 5.58: Damage parameter of Co SMC under cyclic bending load; 100% UFSF = 932 MPa,
Egyna =72.6 GPa (1 = 1.9 GPa).
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5.2.2.4 Bending fatigue behavior of CoDiCo SMC
Stress-life data

In the case of CoDiCo SMC, the stress range in which specimens failed due to
fatigue, was between 509 MPa and 610 MPa and quite low compared to DiCo SMC
and Co SMC (Figure 5.59). Scatter was in the range of up to four decades of
cycles and was thus considerably more pronounced compared to DiCo SMC and
Co SMC. In terms of the UFSF, the load level at which all specimens were runouts,
was considerably higher with 70 % (475 MPa), which is equal to the approximate
fatigue strength determined for Co SMC.
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Figure 5.59: S-N data of CoDiCo SMC under cyclic bending.
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Stiffness degradation

As shown in Figure 5.60, no significant stiffness degradation was observed during
cyclic loading prior to the sudden drops. They were either pronounced and
immediately led to final failure if the applied load was high, or the drops were
slight and only led to an increased stiffness degradation rate in the case of lower
applied loads. In line with DiCo SMC, these drops originated from partial or
complete failure of the continuous carbon fiber plies on the compression-loaded
side of the specimens. The residual stiffness before final failure amounted to
approximately 30 % of the initial stiffness for almost all tested specimens. The
initial stiffness degradation rate was the greater, the higher the applied load. In
case of the runout specimen tested at 70 % UFSF, stiffness was reduced by 2.5 %
after 7-10° cycles before the slope increased again due to a small displacement
of the specimen on the lower supports, that was observed during testing.
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Figure 5.60: Normalized dynamic stiffness of CoDiCo SMC under cyclic bending load;
100% UFSY = 678 MPa, Egyna =50.25 GPa (1 = 1.85 GPa).
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5.2 Mechanical properties and damage behavior under application-related loading

In Figure 5.61, that data is displayed by means of the damage parameter versus the
normalized number of cycles to failure. Compared to the results obtained under
tension-tension fatigue load, the value of the damage parameter remained close
to zero for a long period of fatigue life, before sudden drops appeared at different

times during the specimens’ fatigue lives, which did not correlate to the applied
load.
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Figure 5.61: Damage parameter of CoDiCo SMC under cyclic bending load; 100% UFSF = 678 MPa,
Egyna =50.25 GPa (1 = 1.85 GPa).

Damage evolution

Figure 5.62 shows the damage evolution of CoDiCo SMC under bending fatigue
load. The specimen depicted was tested at 75 % UFSF after polishing the edges
and the test was interrupted after every decade of cycles for microscopic and
macroscopic imaging. The evolution of the dynamic stiffness is displayed at the
top of the figure. The damage state is shown at four different positions on the
specimen after 1,000 cycles, just when a small stiffness jump was recorded, as
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Figure 5.62: Stiffness degradation curve and damage evolution of a CoDiCo SMC specimen tested at
75 % UFSF under bending fatigue load. The damage pattern is shown at four different
positions after 1,000 cycles and 164,674 cycles, respectively.
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5.2 Mechanical properties and damage behavior under application-related loading

well as after 164,674 cycles, where a 65 % stiffness drop was observed. After
1,000 cycles, one carbon fiber tow close to the specimen edge broke due to
compression 15 mm away from the loading nose, which was accompanied by
a large splitting crack and delamination of the tow. A small matrix crack was
observed at the same time on the tension-loaded side at the edge of a carbon fiber
tow. After 164,674 cycles, the other carbon fiber tows on the compression-loaded
side failed close to the loading nose, leading to a pronounced stiffness jump, while
the tows on the tension-loaded side remained intact and no growth of the matrix
crack on the tension-loaded side was observed. Further loading beyond this point
caused fracture of the lower carbon fiber ply as well was pseudo-delamination and
fiber bundle pull-out in the DiCo SMC ply, as shown in Figure 5.63.

Fiber fracture Splitting cracks

Loading direction

A

Figure 5.63: CoDiCo SMC specimen tested at 80 % UFSF after final failure.

Delamination

Fiber fracture 10 mm
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5.2.3 Influence of temperature
5.2.3.1 Temperature-dependence of flexural strength

Monotonic bending tests on DiCo SMC and CoDiCo SMC specimens were carried
out at -20 °C and 80 °C and at different strain rates, to characterize the influence
of temperature on the materials’ flexural strength. As shown in Figure 5.64,
for DiCo SMC, a temperature increase from 21 °C to 80 °C resulted in a 24 %
decrease in average flexural strength at quasi-static strain rate and a 14 % decrease
at fatigue strain rate. No significant difference in the flexural strength is observed
between specimens tested at -20 °C and 21 °C.
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Figure 5.64: Temperature-dependent flexural strength of DiCo SMC at different strain rates.

The influence of temperature on the flexural strength of CoDiCo SMC is shown in
Figure 5.65. The average flexural strength decreased by 7 % at quasi-static strain

134



5.2 Mechanical properties and damage behavior under application-related loading

rate and by 12 % at fatigue strain rate due to a temperature increase from 21 °C to
80 °C. However, since the scatter bars overlap, the difference is not significant. At
-20°C, an increase of 25 % and 14 %, compared to the results at room temperature,
was observed at quasi-static and fatigue strain rate, respectively.
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Figure 5.65: Temperature-dependent flexural strength of CoDiCo SMC at different strain rates.

5.2.3.2 Temperature-dependent fatigue properties

Bending fatigue test at -20°C and 80 °C were carried out to characterize the
influence of temperature on the fatigue life of DiCo SMC and CoDiCo SMC. S-N
data are summarized in Figure 5.66 and Figure 5.67, respectively. The P-S-N
curves for failure probabilities of Ps = 10% and Ps = 90 % are displayed to
mark the range, in which the data points are located and thus to enable better
comparability of the results obtained at different temperatures. Results obtained
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at room temperature are included for comparison. Due to the limited capacity
of the liquid nitrogen container, the temperature of -20 °C could be kept constant
for up to 20 hours, which corresponds to around 3.6- 107 cycles. Specimens
that did not fail within this time frame were marked as runouts. DiCo SMC
specimens tended to have a higher fatigue life when tested at lower temperatures.
While data obtained at 80 °C was still in the scatter range of that obtained at
room temperature, the scatter range of S-N data at -20 °C was clearly beyond the
fatigue lives of specimens tested at 80 °C. The fatigue strength was comparable
for specimens tested at room temperature and 80 °C.
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Figure 5.66: S-N data of DiCo SMC under bending fatigue load at different temperatures together
with corresponding P-S-N curves for failure probabilities of Ps = 10 % and Ps = 90 %.

The influence of temperature on the fatigue life was much more pronounced for
CoDiCo SMC than for DiCo SMC. The stress range of the results obtained at
-20 °C was approximately 100 MPa higher than at room temperature. Likewise,
the load at which no failure occurred within the number of cycles tested, was
approximately 100 MPa higher. Comparing the results at room temperature with
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5.2 Mechanical properties and damage behavior under application-related loading

those obtained at 80 °C, the effect was even more pronounced. At maximum
applied stresses that went down to 407 MPa, which is 68 MPa below the fatigue
strength of CoDiCo SMC at room temperature, almost all specimens failed in
the low cycle fatigue range within less than 10* cycles. At a maximum stress of
305 MPa, both specimens tested at 80 °C withstood the conducted 3.6 - 10° cycles.
This is approximately 270 MPa below the stress, at which all specimens tested at
-20 °C withstood the same number of cycles.
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Figure 5.67: S-N data of CoDiCo SMC under bending fatigue load at different temperatures together
with corresponding P-S-N curves for failure probabilities of Ps = 10 % and Ps = 90 %.

From the stiffness degradation curves shown in Figure 5.68, the different damage
behavior of specimens tested at 80 °C compared to those tested at lower tem-
peratures (cf. Figure 5.60) became evident. For most specimens throughout all
investigated load levels, a comparatively early 50 % to 60 % stiffness drop was
determined, that arose from compressive failure of the upper Co SMC ply. De-
pending on the applied load, the specimens still withstood several cycles, while
stiffness decreased at a considerably higher rate. The normalized dynamic stiffness
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values after the stiffness drop have no significance, due to the large displacement.
Still, the entire curves are shown for the reader to assess the difference between
the number of cycles to failure of the upper Co SMC ply and the remaining plies.
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Figure 5.68: Normalized dynamic stiffness of CoDiCo SMC under cyclic bending load at 80 °C.

5.2.4 Influence of frequency

The S-N data obtained from bending fatigue tests of DiCo SMC at a frequency
of 1 Hz and 10 Hz are depicted in Figure 5.69 along with the results of the tests
carried out at 5 Hz (cf. Figure 5.49). Fatigue tests at 1 Hz were evaluated after
3.6-10° cycles due to the prolonged testing. All specimens that withstood this
number of cycles were considered runouts in this evaluation and marked with
an arrow. A higher frequency led to slightly higher fatigue lives in case of high
applied loads in the low cycle fatigue range. In high cycle fatigue, no such trend
was observed and fatigue life seemed to be independent of frequency within the
investigated range. First runouts were obtained at a maximum stress of 166 MPa
for all analyzed frequencies. Similar observations were made for CoDiCo SMC.
As shown in Figure 5.70, specimens tested at 1 Hz tended to fail sooner compared
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5.2 Mechanical properties and damage behavior under application-related loading

to specimens tested at 5 Hz and 10 Hz in the low cycle fatigue range, respectively,
while no clear trend is observed in the high cycle fatigue range.
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Figure 5.69: S-N data of DiCo SMC under bending fatigue load at different frequencies together with
corresponding P-S-N curves for failure probabilities of Ps = 10 % and Ps = 90 %.
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Figure 5.70: S-N data of CoDiCo SMC under bending fatigue load at different frequencies together
with corresponding P-S-N curves for failure probabilities of Ps = 10 % and Ps = 90 %.
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6.1 Investigated load cases

The fatigue behavior of hybrid Co SMC, DiCo SMC and CoDiCo SMC composites
was characterized on coupon level under tension-tension and 3-point bending load.
The sandwich-like structure of CoDiCo SMC is especially suited for the latter
type of loading, as the strong and stiff carbon fibers are positioned at maximum
distance from the neutral bending axis. Structural components in the automotive
industry are mainly subjected to bending loads (e.g. subfloor structures with a
normal load or leaf springs), which is why bending fatigue represents the more
application-related load case. Nevertheless, in this thesis, a strong focus was
placed on tension-tension loads, which allows for a more sophisticated initial
analysis of damage mechanisms due to the reduced complexity of the stress state.
For an application that requires highest tensile fatigue properties, the considered
hybrid configuration is not expected to be the best option due to the low degree
of dispersion of the two fiber types (Hofer et al., 1978; Swolfs et al., 2014).

6.2 Characterization methods

6.2.1 Determination of S-N diagrams
In the determination of S-N data, failure was defined by the separation of the

specimens. Depending on the intended application, absolute or relative loss of
strength or stiffness (as defined by O’Brien and Reifsnider (1981) or Hwang and
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Han (1986)) present other possible failure criteria. While the measurement of the
residual strength generally involves a very high experimental effort, the residual
stiffness could be determined non-destructively during the tests. Correspond-
ing S-N diagrams for different allowable residual stiffnesses can be generated
analogously from the obtained test data.

6.2.2 Characterization of stiffness degradation

In this thesis, the dynamic stiffness, defined by Equation 2.2, has been chosen
as a measure of the degradation of mechanical properties. Due to the almost
linear stress-strain behavior of the analyzed materials, the dynamic stiffness is
approximately equivalent to the tensile modulus of elasticity, but has the advantage
of allowing continuous measurement during fatigue testing. In addition to the
increasing tilt, which is described by the evolution of the dynamic stiffness, a shift
of the hysteresis loops can also be observed for all investigated composites, as
shown in Figure 5.11, Figure 5.24, Figure 5.30 and Figure 5.44. If such behavior
is critical for certain applications, the fatigue modulus defined in Hwang and Han
(1986) might be a more useful parameter to consider.

6.2.3 Evaluation of methods for damage
characterization

Optical microscopy was the method of choice to analyze damage evolution in
DiCo SMC and CoDiCo SMC. As discussed in Section 2.4, this method offered
the advantage that small damage events, such as matrix cracks, could be easily
detected and damage mechanisms could reliably be distinguished without the
need for further interpretation or data processing. Damage in the DiCo SMC
ply incorporated in the hybrid composite could be detected by an observation
of the specimen edge. The method allowed for a quantitative analysis of crack
density as shown, for example, in Figure 5.16. Besides the fact that careful
and time-consuming specimen preparation was required, the biggest disadvantage
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of this method was the limitation to surface analyses. The damage mechanisms
observed at the specimen edges in DiCo SMC were qualitatively in agreement with
observations by Schéttl et al. (2020), who carried out in-situ pCT measurements
on the same composite.

1CT scans were used to characterize the microstructure of the analyzed materials,
as shown in Figure 3.7 and Figure 3.6. However, nCT scanning additionally offers
very high potential for analyzing the damage evolution in FRP qualitatively and
quantitatively, even in hybrid composites. This makes the method highly inter-
esting for future studies. As discussed in Section 2.4, uCT scanning allows to
observe damage in the bulk material. By means of damage evaluation methods
described by Schottl et al. (2020) and Schottl et al. (2021), the damage pattern
can further be analyzed in a quantitative manner. However, there are still some
challenges that come with this method. The larger the scanned specimen vol-
ume is, the lower the resolution. An analysis of matrix cracks in DiCo SMC,
presented by Schottl et al. (2020) and Schottl et al. (2021) only considered small
specimen volumes. When scanning tensile specimens with dimensions like the
ones investigated in this thesis, the resolution is inevitably lower making it more
difficult to detect small damage events. Furthermore, cracks can only be identi-
fied with a high probability, if opened by an applied tensile load. Still, tensile
loads in one direction open only transverse cracks, but longitudinal cracks or
(pseudo-)delamination, as seen in Figure 5.14, might remain undetected.

IR thermography served well to characterize the time and position on the speci-
men, at which damage started to localize. Localization of damage in DiCo SMC
starting from the specimen edge was observed at an early stage during cyclic load-
ing (cf. Figure 5.20). However, the results obtained from IR thermography only
allowed to narrow down the area of localized damage and did not present infor-
mation on the actual damage mechanisms. As discussed in Munoz et al. (2016),
small damage events, such as the formation of individual small matrix cracks,
which is the dominating damage mechanism in DiCo SMC, leads to low heat
dissipation and is thus difficult to detect. Roughly determining the time and posi-
tion of damage localization was also possible using IR thermography for CoDiCo
SMC, as shown in Figure 5.38. But since the temperature field was measured

143



6 Discussion

only on the surface of the Co SMC ply, it could not be distinguished, whether it
was delamination of damage accumulation in the DiCo SMC ply that caused the
heat dissipation.

AE analysis was successfully applied to determine the onset of damage in
DiCo SMC and CoDiCo SMC under monotonic loading. Corresponding tests
were conducted to determine the stress, at which the first damage event occurred
without the specific aim to identify the damage mechanism. An analysis of
damage evolution during testing with the aim to distinguish between mechanisms
would require a considerable higher experimental effort in advance to identify the
AE features of the individual mechanisms, which was beyond the scope of this
study.

6.3 Fatigue behavior

6.3.1 Fatigue behavior of discontinuous SMC
S-N data and fatigue limit

Due to the differences in the material configuration (e.g. resin and fiber content)
of DiCo SMC composites investigated by different authors, experimental results
could not be compared directly. However, expressed in terms of normalized values,
their S-N behavior was largely similar to the linearized S-N curve, that featured a
slope of approximately 10 % of the materials’ ultimate tensile strength per decade
of cycles (Mandell and Meier, 1983; Wang and Chim, 1983; Denton, 1979). This
is in agreement with the S-N data obtained for the UPPH-based DiCo SMC
studied in this thesis, that featured a fatigue strength of around 40 % UTSF after
10° cycles (cf. Figure 5.8). The results obtained in this study are also consistent
with the literature in that a significant degradation of stiffness was observed in
runout specimens under tension-tension fatigue load (cf. Figure 5.12). Hence,
the fatigue strengths at >10° cycles reported in Section 5.1.2 did not correspond
to a real fatigue limit.
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A fatigue limit of DiCo SMC could be defined at 24 % UTSF. This corresponds to
the stress at which damage started to initiate in a monotonic test, as shown by AE
analysis (Figure 5.6). Specimens loaded cyclically at 24 % UTSF showed no signs
of damage or reduction in stiffness after 2.6 - 10 cycles. Similar observations
were made by von Bernstorff (1989), who studied the fatigue behavior of SMC
above and below the knee point and found no fatigue damage in the latter case.
Thus, AE analysis during tensile testing can possibly be used to estimate the
fatigue limit of DiCo SMC.

For fatigue damage to occur, there must be one or more mechanisms of ir-
reversibility causing accumulation of damage from cycle to cycle. Common
energy-dissipating mechanisms are plasticity, friction and crack surface forma-
tion (Talreja and Singh, 2012). Friction between crack surfaces and new surface
formation by brittle fracture are considered to be the predominant mechanisms
in thermoset-based FRPs (Talreja and Singh, 2012) and are at the same time the
two mechanisms, that can be detected by AE analysis. Thus, the assumption
that no fatigue damage occurs below the stress, at which cracks first initiates
under monotonic loading, implies, that plastic deformation is negligible in SMC.
Indeed, FRPs do not exhibit plastic material behavior at the macroscopic level,
but plastic deformation of the matrix can occur due to the size effect and the
local multiaxiality of the stress state at the micro level. However, within the
cycle range considered in this thesis, this mechanism has a negligible effect on the
macroscopic fatigue behavior.

Stiffness degradation

The stiffness degradation behavior of the UPPH-based DiCo SMC studied in
this thesis matched the observations by other authors in that the degradation rate
increased with increasing applied load (cf. Figure 5.12). The stiffness degrada-
tion curves determined by Wang and Chim (1983), who studied polyester-based
SMC with 50 wt.-% (35.4 vol.-%) glass fibers, revealed a higher total stiffness loss
(20 % at 70 % UTSS). Higher stiffness loss with more than 25 % before separation
of the specimens was also obtained for the polyester-based SMC with 25 wt.-%
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glass fibers investigated by Heimbuch and Sanders (1978). Denton (1979) found
that stiffness of polyester-based SMC with 50 wt.-% (35.4 vol.-%) glass fibers de-
creased with increasing numbers of cycles even when tested at 15 % to 20 % UTSF.
Since the fiber content of the SMC composites investigated by Wang and Chim
(1983) and Denton (1979) was higher compared to the composite analyzed in this
study, which contained 44.7 wt.-% (26.3 vol.-%) fibers on average, the stiffness
degradation behavior must have been influenced by other factors. One reason for
the better performance of the DiCo SMC considered in this thesis in terms of
residual stiffness might be the lack of fillers. The materials investigated by other
authors were filled with CaCO3, which led to damage initiation at lower stresses
(Renz et al., 1988) and thus to a more pronounced stiffness degradation.

Damage evolution

As pointed out by Reifsnider et al. (1983), stiffness degradation is an ideal measure
for the quantification of damage in FRP, since it is directly correlated with the
occurring damage mechanisms. This was shown to be true for glass chopped
strand mat/polyester resin laminates investigated by Owen and Howe (1972),
who observed a correlation of stiffness and the amount of transverse matrix
cracking. Similar results were obtained within this thesis as shown, for example,
in Figure 5.16. Following the recommendation of Quaresimin et al. (2014), the
weighted crack length was chosen to quantify crack density instead of the number
of cracks, as was done by Owen and Howe (1972). The crack density showed
a similar evolution as the normalized stiffness loss. Howe and Owen (1972)
indicated a higher crack density at higher fatigue lives for the polyester-based
chopped glass strand mat they studied. In contrast, Mandell and Meier (1983)
stated, that there is no correlation between crack density and fatigue life and that
the measured crack density was rather dependent on the local microstructure.
For the UPPH-based DiCo SMC examined in this thesis, the crack density in
specimens tested in the high cycle fatigue range was generally significantly higher,
than in specimens tested in the low cycle fatigue range. However, finding a
reliable quantitative correlation between the crack density and fatigue life with
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the comparatively small numbers of specimens investigated, did not yield any
meaningful results. This is due to sample-specific differences in the damage
behavior resulting from the strong variations in the microstructure. Von Bernstorff
(1989), among others, suggested, that there is a CDS for SMC in the sense that
crack density in failed specimens is independent of the loading history and similar
for monotonic and cyclic loading. This behavior could not be confirmed in this
thesis. While crack density at failure was subject to high scatter, it was clearly
shown that considerably less cracks were observed in specimens that failed due to
monotonic load (cf. Figure 5.1) or after very low number of cycles (cf. Figure 5.10)
compared to specimens that failed in the high cycle fatigue range (cf. Figure 5.9).

6.3.2 Fatigue behavior of continuous SMC
S-N data

The ultimate tensile strength of the carbon/epoxy FRP composite studied by
Taheri-Behrooz et al. (2010) was twice as high compared to Co SMC, even though
the fiber volume content was comparable. The fibers used by Taheri-Behrooz et al.
(2010) featured a tensile strength that was 18.4 % higher compared to the carbon
fibers used for the Co SMC composite studied in this thesis (cf. Table 2.4 and
Table 3.1). The unidirectional FRP composites studied by Kawai and Yano (2016)
and Chen and Hwang (2006) featured tensile strengths that were approximately
130 % higher compared to Co SMC. The fiber volume contents were 12 % and
14 % higher, respectively. While the tensile strength of the fibers used by Chen
and Hwang (2006) was 18.4 % higher, compared to the fibers used in this study,
the fibers used by Kawai and Yano (2016) were even stronger with almost 33 %
higher tensile strength compared to the fibers within this thesis (cf. Table 2.4).

Absolute values of the S-N data are were directly comparable due to the use of
different fibers, different fiber volume fractions and probably also differences in
the fiber-matrix bonding. However, the normalized S-N data of UPPH-based
Co SMC was well within the range given by the data reported by other authors,
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even though higher scatter was recorded. This could be attributed to the fact that
good impregnation of unidirectional fibers at a high weight content in the SMC
process is still challenging. Some dry spots could be observed in the specimens,
as for example in the one shown in Figure 5.23.

Stiffness degradation

The stiffness degradation curves for Co SMC, presented in Figure 5.25, were less
smooth than those of DiCo SMC. Several jumps occurred spontaneously, that were
attributed to fiber cluster fracture. Their occurrence was highly stochastical and
dependent on the local strength of the fibers as well as local stress concentrations,
for example due to adjacent crack tips or voids. Therefore, the stiffness degradation
behavior was difficult to predict.

For one specimen tested at 65 % UTSF, an (apparent) increase of stiffness was
determined after approximately 500 cycles. One possible explanation for this
behavior might be the partial failure of a tow outside of the measuring length that
was observed during the experiment and led to a changing load distribution over
the specimen width.

Besides a loss of the dynamic stiffness due to cyclic loading, a strong shift of
the hysteresis loops was observed for Co SMC, as was shown in Figure 5.24. In
applications that are critical in terms of maximum strains, this behavior must be
taken into account and a different choice of stiffness parameter might have to be
considered.
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6.4 Effects of hybridization

6.4.1 CoDiCo SMC under tensile load
Monotonic tests

The tensile strength at quasi-static strain rate UTSS of the CoDiCo SMC composite
examined in this thesis was 126 % higher than that of DiCo SMC. Analogous
studies of a similar material system by Trauth (2020) yielded a 193 % increase of
UTSS due to hybridization. The tensile strength of DiCo SMC measured in this
thesis was slightly higher and the tensile strength of Co SMC was lower compared
to the values depicted by Trauth (2020). CoDiCo SMC showed a less pronounced
strain rate dependence compared to DiCo SMC, since the strain rate insensitive
Co SMC dominated the material behavior. Therefore, the effect of hybridization
was smaller at fatigue strain rate. UTSF of CoDiCo SMC increased by only 92 %
compared to DiCo SMC.

Failure of the hybrid composite was clearly dominated by the Co SMC plies
that failed first, which resulted in additional stresses in the DiCo SMC ply, that
ultimately exceeded its ultimate strength. This is in accordance with observations
by Trauth (2020). Acoustic emission analysis showed, that the onset of damage
in CoDiCo SMC under tensile loading occurred at approximately the same stress
at which damage initiated in DiCo SMC. However, the first damage events were
not attributed to matrix cracks in the DiCo SMC ply, but to fiber fracture in the
Co SMC plies. The stress at which the first matrix cracks appeared was higher for
CoDiCo SMC than for DiCo SMC specimens. An exact stress value was difficult
to determine, since damage mechanisms besides fiber fracture could not be clearly
distinguished.

To better evaluate effects of hybridization, the stresses in the individual plies
of the hybrid composite at final failure were approximated and compared to the
tensile strength of DiCo SMC and Co SMC. Knowing the average initial stiffness
of DiCo SMC and Co SMC, as well as the approximate volume ratios of the
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individual components in the hybrid, the stress-strain behavior of CoDiCo SMC
was approached under the following assumptions:

e the plies are homogenous on a macroscopic scale,

e they show a linear elastic material behavior,

e strains are equal in the different plies (Voigt model),
e the plane stress condition applies,

e and the Poisson’s effect is neglected.

Using 1D Hooke’s law o () = E¥¢, the assumption of equal strains in all plies
provides

o Ec,
Ebico

0co(€) Opico(€)- (6.11)

With F(e) = o(e)A, the total force Fropico(¢) = Fbico(€) + Fro(e) can be
written as

0coDico (€) Acobico = 0Dico (€) Abico + 0co(€) Aco- (6.12)

By using Equation 6.11, Equation 6.12 can be expressed by

0 CoDiCo (5 )

e (6.13)

ODiCo (5) ==

YpiCo T Yco

Ebico

Yco and Ypic, are the volume fractions of Co SMC and DiCo SMC, respectively.
Under the assumption of constant width, they were approximated by taking the
results from the thickness measurements of the individual plies (cf. Section 3.3),
which yielded ypico = 0.769 and ¢, = 0.231.

Equation 6.13 and 6.11 were slightly modified to
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OCoDiColE
opico(€) = i3 ©) (6.14a)
dyn,4,Co
YDiCo + = YCo
Egyn.a.pico
Egyn.a.co
and UCO(E) = 770'])@0(8). (614b)
Elgyn4.pico

E‘dyn,4,DiC0 = 13.9 GPa and Edyn,4,Co = 103.9 GPa (cf. Section 5.1.2) correspond
to the average initial dynamic moduli of the Co SMC and DiCo SMC specimens,
respectively, that, unlike tensile modulus of elasticity, could be determined during
the continuous fatigue tests.

With the UTSF of CoDiCo SMC of 456 MPa (cf. Table 5.1), Equation 6.14a and
Equation 6.14b yielded opico (£.cobico) = 182 MPaand o¢, (£(.copico) = 1366 MPa.
E€1.CoDiCo corresponds to the failure strain of CoDiCo SMC. According to this ap-
proximation, the stress in the DiCo SMC ply was 55 MPa lower than the ultimate
tensile strength UTSF of DiCo SMC, whereas the stress in the Co SMC plies was
226 MPa higher than the ultimate tensile strength UTSF of Co SMC (cf. Table 5.1).

The Co SMC plies withstood significantly higher loads compared to the solely
continuous reinforced specimens. One explanation for an enhancement of strength
might be residual stresses, that resulted from the manufacturing process. After
compression molding of the plaques at temperatures of approximately 145 °C
(cf. Section 3.2), cooling them down to room temperature resulted in a strain, than
can be approximated by

e(AT) = aco AT + Aeco = apicoAT + Aepico, (6.15)
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with the coefficients of thermal expansion of DiCo SMC! apico = 1.6 - 10° K!
and Co SMC ac, = 6.8 - 107 K'! and a temperature difference AT = —124 K.
Qoo Was approached by

_ Ecracrycr + Euppraupen (1 — Yer)
Ecryer + Euppn (1 — vcr)

Qo , (6.16)
with the tensile modulus of elasticity of the carbon fibers Ecp = 242 GPa (Zoltek,
2017) and the UPPH resin system Fyppy = 3.45 GPa (Trauth, 2020), the fiber
volume content ycp = 0.64 (cf. Chapter 3) and the coefficient of thermal expan-
sion of the carbon fibers acg = 8 - 10 K*! (Dugin et al., 2020) and the matrix
system ayppy = 7.5 - 107 K'! (Kehrer, 2019).

Acepico and Aec, result from constraining effects that lead to residual stresses.
Those residual stresses must result in an equilibrium of forces

AFco = —AFpico, (6.17)

which, by considering Hooke’s law, leads to

EcovcoAeco = — EpicoYpico A€Dico- (6.18)
Inserting Equation 6.16 yields
_ Epicovico
AECO = (aDiCo — CYCO)AT. (619)

Ecovco + EbicoYdico

By applying Hooke’s law and using the respective initial dynamic moduli of
Co SMC and DiCo SMC instead of the corresponding modulus of elasticity,
Hooke’s law provides

apico was measured in a dilatometer test by Juliane Lang, Institute of Engineering Mechanics,
KIT.
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ACTCO = Edyn,4,CoA5Co = —60.8 MPa. (620)
The corresponding residual stress is the DiCo SMC ply could be determined to

Aopice = 2 Age, = 18.3 MPa. 6.21)

YCo

In conclusion, the residual stresses in the Co SMC plies alone do not explain
the enhanced tensile strength in the hybrid composite. In conclusion, a change
in damage mechanisms must lead to a higher exploitation of the carbon fibers’
mechanical performance, as discussed by Swolfs et al. (2014). The more ductile
component, which is the DiCo SMC ply in this case, is assumed to have influenced
the damage behavior of the more brittle component, which are the Co SMC plies,
by bridging local fiber fracture, reducing stress concentrations leading to a slower
damage evolution and increasing the critical size of fiber fracture clusters.

S-N behavior

Hybridization of DiCo SMC with unidirectional Co SMC had an even more
pronounced effect on the fatigue strength than on the ultimate tensile strength.
While UTSF increased by 92 %, fatigue strength of CoDiCo SMC was 209 %
higher than that of DiCo SMC. The fatigue ratio of CoDiCo SMC, which describes
the stress, at which all tested specimens were runouts, divided by the ultimate
tensile strength UTSF (Dickson et al., 1989) was 0.6 and thus higher than that of
both DiCo SMC (fatigue ratio of 0.37) and Co SMC (fatigue ratio of 0.55).

Since the predominant mechanisms leading to failure of a composite are effec-
tive only in a limited range of applied maximum strain (Talreja, 1981), there
is merit for expressing fatigue-life data in terms of strain instead of stress, to
better evaluate hybridization effects and analyze underlying mechanisms. The
fatigue-life diagram is expected to consist of different parts, each corresponding
to a different underlying damage mechanism (Talreja, 1981). Stress-life data auf
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Co SMC,

DiCo SMC and CoDiCo SMC presented in Section 5.1.2 was converted

into strain-life data under the assumption of a linear elastic material behavior,

by using the corresponding initial dynamic stiffness. The results are depicted in

Figure 6.1. Strain-life curves, depicted as solid lines, were approximated by using

the restricted form of the power law function (Junior and Belisio, 2014)

log(e) = P, — P, log(N) (6.22)

with the parameters P, and P, that were determined from the experimental data

via linear regression.

Figure 6.1:
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6.4 Effects of hybridization

The difference in failure strain of Co SMC and DiCo SMC was pronounced
especially under monotonic loading and diminished with increasing numbers
of cycles. While the mechanical behavior of CoDiCo SMC was dominated
by the Co SMC plies under monotonic loading, a change of mechanisms was
observed under fatigue loading at initial maximum strains below 1.1 % that led to
progressive damage of the specimens. The fatigue behavior was clearly dominated
by the DiCo SMC ply with the strain-life curves of DiCo SMC and CoDiCo SMC
showing good correlation. Under the assumption of equal strains in all plies of the
hybrid composite, the Co SMC plies showed significantly higher fatigue strains
compared to solely continuous reinforced specimens, which can be considered
a positive effect of hybridization. In the high cycle fatigue range (>103 cycles),
the interaction between the Co and DiCo plies was also an important mechanism,
with continuous reinforcement supporting the DiCo plies where crack networks
formed. At an initial maximum strain of 0.74 %, no failure of CoDiCo SMC
specimens occurred within 2.6 - 10° cycles. This is a remarkable result, since this
is higher compared to corresponding values obtained for both Co SMC (0.6 %) and
DiCo SMC (0.63 %). In the high cycle fatigue range, CoDiCo SMC performed
better than both of its components.

Similar findings were obtained by approximating the initial stresses to which each
individual ply in a CoDiCo SMC specimen was subjected during the fatigue tests.
This was done under the assumptions discussed in Section 6.4.1 by using Equa-
tion 6.14a and Equation 6.14b with o¢,, opico and ocepico NOW being a function
of the number of cycles to failure. Figure 6.2 shows the analytically determined
initial ply stresses in each tested CoDiCo SMC specimen (cf. Figure 5.27) via the
fatigue life of the corresponding CoDiCo SMC specimen. Under the assumption,
that the number of cycles to failure of the hybrid composite corresponds to the
number of cycles to failure of all plies, which is in accordance with the experi-
mental observations, these results can be interpreted as approximated S-N data of
the individual plies in the hybrid. It should be noted that, in this approximation,
a constant amplitude problem was assumed, even though the stress amplitude
slightly varied due to different amounts of stiffness degradation in the different
plies. Also shown in Figure 6.2 are the experimentally determined S-N data of
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DiCo SMC specimens (cf. Figure 5.8) and Co SMC specimens (cf. Figure 5.22)
for comparison.
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Figure 6.2: Analytically determined S-N data of (a) the DiCo SMC ply and (b) the Co SMC plies
in the hybrid CoDiCo SMC specimens together with the experimentally determined S-N
data of DiCo SMC and Co SMC specimens for comparison.

As can be seen from Figure 6.2a, the fatigue stress of the DiCo SMC plies were
well within the range of the fatigue stress of DiCo SMC specimens for medium
numbers of cycles. The mechanical performance of the DiCo SMC plies in the
hybrid was generally largely unaffected by the much thinner Co SMC plies. While
a Co SMC dominance was observed under monotonic tensile loading, a change
of mechanisms took place at higher numbers of cycles. Several CoDiCo SMC
specimens did not fail within 2.6- 10° cycles, even though the analytically de-
termined initial stress in both the Co SMC and DiCo SMC plies exceeded the
components’ fatigue strength. Looking at the runout specimen in Figure 5.29, the
DiCo SMC ply was significantly damaged, whereas the Co SMC plies remained
largely intact. It can be concluded, that the amount of stiffness degradation was
higher in the DiCo SMC ply compared to the Co SMC plies. This resulted in
a stress redistribution leading to decreasing stresses in the DiCo SMC ply and
slightly increasing stresses in the Co SMC plies. In this case, the Co SMC plies
supported the DiCo SMC ply, which represented the weaker link in the high cycle
fatigue range. Figure 5.34 depicts, how the Co SMC plies bridged weak spots
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in the DiCo SMC ply, that resulted from the coalescence of cracks and would
have resulted in total failure without the additional support of the continuous
reinforcement.

The observations discussed allow an approximate estimation of the fatigue be-
havior of CoDiCo SMC using an empirical modeling approach. Knowing that
the fatigue behavior of CoDiCo SMC is largely dominated by the DiCo SMC ply,
there is merit for assuming that a stress, which is applied to the hybrid, equals
the fatigue strength of the hybrid at a specific number of cycles N, if it results in
a stress in the DiCo SMC ply, which equals the fatigue strength of DiCo SMC
at the same number of cycles N. In analogy to Equation 6.14a, the S-N curve of
CoDiCo SMC can thus be approximated by

Eayn
0cobico (V) = 0pico(N) <’YD1CO + WV&;) (6.23)
Egyn 4. pico

with opico(IN) being the S-N curve of DiCo SMC. The result obtained from
Equation 6.23 is depicted in Figure 6.3 as solid yellow line, which is in good
correlation with the S-N curve of CoDiCo SMC determined from experimental
results via linear regression.

The DiCo SMC dominated region depicted in Figure 6.3 is limited laterally by
10 % and 90 % P-S-N-curves that were calculated by using Equation 6.23 and by
inserting the 10 % and 90 % P-S-N-curves of DiCo SMC. Since scatter was more
pronounced in CoDiCo SMC compared to DiCo SMC, the region described by
the model is more narrow compared to the range covered by the experimental
data. The DiCo SMC dominated region, is limited towards the top by the scatter
range of the ultimate tensile strength of CoDiCo SMC (Co SMC dominated
region). At high numbers of cycles (>5 - 10° cycles), the model underestimates the
performance of CoDiCo SMC and provides a rather conservative estimate. A more
accurate approximation might be possible by considering the changing stiffness
ratio leading to changing stresses in the individual plies with increasing numbers
of cycles. A residual stiffness model for both DiCo SMC and Co SMC would thus
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Figure 6.3:
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approximates the S-N curve of CoDiCo SMC based on the S-N curve of DiCo SMC.
The orange line depicts the S-N curve of CoDiCo SMC, that was determined from the
experimental results via linear regression. The grey shaded areas indicate the predominant
damage mechanisms.

be helpful for a better approximation. However, the empirical approach presented

here serves well for a rough estimate.

Stress-strain behavior

The stress-strain behavior of CoDiCo SMC was largely dominated by the Co SMC
plies. As can be seen from Figure 5.30, the hysteresis loops depicted a tension

stiffening

behavior similar to that of Co SMC (cf. Figure 5.24). However, the

shift of the hysteresis loops was considerably smaller in the hybrid CoDiCo SMC
compared to both Co SMC (cf. Figure 5.24) and DiCo SMC (cf. Figure 5.11),
which can be considered a positive effect of hybridization. Besides that, the
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behavior was mainly dominated by Co SMC with the stress-strain curves showing
a tension stiffening behavior.

Stiffness degradation and damage evolution

For most part of fatigue life, stiffness degradation was less pronounced in
CoDiCo SMC (cf. Figure 5.32) compared to DiCo SMC (Figure 5.13). The
Co SMC plies supported the DiCo SMC ply, as long as they were not overloaded.
Therefore, if a fatigue criterion was defined by a critical amount of stiffness degra-
dation instead of ultimate failure, as discussed in Section 6.3.1, CoDiCo SMC
would perform even better compared to DiCo SMC.

The analysis of damage evolution in the DiCo SMC ply of the hybrid composite
confirmed the statement, that its fatigue behavior was largely unaffected by the
continuous reinforcement. Figure 6.4a shows that the absolute loss of stiffness
versus normalized fatigue life is similar for DiCo SMC and CoDiCo SMC in the
beginning. Jumps in the CoDiCo SMC curves, that were attributed to partial
failure of the Co SMC plies, led to deviation from the DiCo SMC curve. The
evolution of crack density in the DiCo SMC specimens and in the DiCo SMC plies
of the hybrid composite were largely similar, as can be seen from Figure 6.4b.

Comparison with other CoDiCo FRP composites

To the author’s knowledge, no research on the fatigue behavior of CoDiCo FRPs
reinforced with discontinuous glass fibers and unidirectional carbon fibers has
been published yet. Riegner and Sanders (1979), Kundrat et al. (1982) and
Springer (1983) considered fatigue of CoDiCo FRPs with glass fibers being used
as discontinuous and continuous reinforcement. Riegner and Sanders (1979)
found runouts at 40 % UTSS that lost 7 % of their initial stiffness after 10° cycles.
Kundrat et al. (1982) reported a fatigue strength of 38 % UTSF at 3 - 10° cycles and
Springer (1983) found fatigue strength to be less than 50 % UTSF at 10° cycles.
In comparison, for the hybrid composite considered in this thesis, all specimens
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Figure 6.4: Damage evolution in DiCo SMC and CoDiCo SMC in terms of (a) the absolute stiffness
loss and (b) the crack density in the DiCo SMC specimens and the DiCo SMC plies of
CoDiCo SMC specimens.

tested at 65 % UTSF were runouts. Single runouts were obtained also at con-
siderably higher stresses. The lower ductility of the unidirectional carbon fiber
reinforcement compared to glass fibers, led to more pronounced constraining
effects and to a higher ultimate strength and fatigue strength.

6.4.2 CoDiCo%% SMC under tensile load
Monotonic tests

The ultimate tensile strength at quasi-static strain rate UTS® and fatigue strain rate
UTSF of CoDiCo”*° SMC increased by 94 % and 71 %, respectively, compared to
DiCo SMC. these values are lower than those obtained for CoDiCo SMC, which
was expected due to the additional 90° plies not carrying a significant amount of
the load. While the specimens’ cross-section increased by 22 % on average, the
load bearing capacity did not increase significantly.
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6.4 Effects of hybridization

S-N behavior

The particularly pronounced effect of hybridization on the fatigue strength, that
was determined for CoDiCo SMC with a 0° continuous reinforcement, could not
be obtained with a 0°/90° reinforcement. In the case of CoDiCo”** SMC, fatigue
strength increased by only 85 % compared to DiCo SMC. This is significantly less
compared to the increase of 209 % determined for CoDiCo SMC. In terms of the
fatigue ratio, no positive effect of hybridization was observed. The fatigue ratio of
0.4 is comparable to the value determined for DiCo SMC and significantly lower
compared to Co SMC, which indicated a core-dominated fatigue behavior.

To better evaluate hybridization effects, maximum stresses were converted to
initial maximum strain by using the initial dynamic stiffness of CoDiCo”*° SMC.
The corresponding strain-life diagram is depicted in Figure 6.5.

In contrast to CoDiCo SMC with a unidirectional continuous reinforcement,
CoDiCo”" SMC showed a less pronounced Co-dominated behavior under mono-
tonic loading. Under fatigue loading, the initial maximum strain was significantly
higher compared to Co SMC but still below the results obtained for DiCo SMC.
Runouts were obtain for initial maximum strains below those of DiCo SMC and
Co SMC. Hence, a negative effect of hybridization in terms of initial maximum
strain was observed for CoDiCo”*° SMC.

Stress-strain behavior

As depicted in Figure 5.44, the hysteresis loops of CoDiCo”*" SMC also revealed
a tension stiffening behavior, that was already observed for CoDiCo SMC. The
shift of the hysteresis loops was also comparable to that of CoDiCo SMC and
smaller compared to both DiCo SMC and Co SMC, which can be considered a
positive effect of hybridization.

161



6 Discussion

tension-tension fatigue: R=0.1, T=21°C,f=5Hz

=
(&)

o

CoSMC
DiCo SMC

CoDiCo”® SMC]

initial maximum strain &, in %
(=Y

0.5

10°

10t

10?

10* 10 100 10°
number of cyclesto failure N

Figure 6.5: Strain-life diagram of Co, DiCo and CoDiCo”? SMC, determined by converting stresses
into initial strains by using the initial dynamic modulus. Solid lines depict S-N curves

determined by linear regression.

Stiffness degradation and damage evolution

CoDiCo”" SMC performed considerably worse compared to CoDiCo SMC in
terms of relative stiffness degradation. After 90 % of fatigue life, a stiffness loss of

more than 12 % was observed for all applied stresses except the ones tested at the

highest stress of 85 % UTSF. The stiffness loss is hence comparable to the values
obtained for DiCo SMC. Corresponding values were between 5 % and 9 % for
CoDiCo SMC. When comparing the damage variable of DiCo SMC (Figure 5.13)
and CoDiCo”*° SMC (Figure 5.32), a similar strong increase within the first 5 %
of fatigue life could be observed, which again indicates a core-dominated fatigue

behavior.
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6.4 Effects of hybridization

The comparably low fatigue strength and high stiffness degradation observed
for CoDiCo”" SMC can be explained taking the damage evolution into account
(Figure 5.47). Due to the low strength and stiffness of the 90° ply, even comparably
low applied stresses resulted in the formation of multiple ply cracks within the
first few loading cycles, similar to the behavior in cross-ply laminates. They
occurred at a regular spacing and were considerably large with the ply thickness
being approximately 0.32 mm. With further loading, they grew into the matrix
and triggered delamination between the 0° and the 90° ply. The typical evolution
of crack density in the DiCo SMC ply observed in DiCo SMC specimens as
well as in CoDiCo SMC was not found in CoDiCo”*® SMC. It was the growth
and coalescence of opposing large cracks initiated in the 90° ply, that caused
separation of the specimens. In the CoDiCo”°® SMC specimens analyzed in this
thesis, the 0° plies were located on the surface and the 90° plies were in proximity
to the DiCo SMC ply. Investigations by Montesano et al. (2015) and Nairn and
Hu (1992) showed a negative effect on the stiffness of cross-ply laminates, when
90° plies served as surface layers. However, no information on strength or fatigue
strength was given. Based on the findings from the damage analysis of the hybrid
composites, it is possible that a 90° ply on the outside might crack and lose most
of its load bearing capacity without substantial influence of the fatigue behavior of
the 0° ply and the DiCo SMC ply. For applications subject to multiaxial loading,
both cases need to be considered.

6.4.3 CoDiCo SMC under bending load
Monotonic tests

The ultimate flexural strength at quasi-static strain rate UFS® of CoDiCo SMC
increased by 54 % compared to DiCo SMC. In comparison, Trauth (2020) de-
termined a 101 % increase in flexural strength. While the flexural strength of
CoDiCo SMC measured in this thesis was 8 % above the value determined by
Trauth (2020) and still within the range of the standard deviation, the flexu-
ral strength of DiCo SMC was found to be 25 % higher than that obtained by
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Trauth (2020). This effect might be traced back to the influence of friction, since
application of PTFE tape on the lower supports and the loading nose had a sig-
nificant influence on the bending strength. The ultimate flexural strength UTSF
increased by 60 %, which is comparable to the effect of hybridization observed at
quasi-static strain rate.

S-N behavior

Due to the sandwich-like structure of CoDiCo SMC, the effect of hybridization was
even more pronounced under bending fatigue load compared to tension-tension
fatigue load. The flexural fatigue strength of CoDiCo SMC was 258 % higher
compared to DiCo SMC and almost as high as the fatigue strength of Co SMC.
The fatigue ratio of CoDiCo SMC was 0.7 and thus higher compared to both
DiCo SMC and Co SMC that featured a fatigue ratio of 0.3 and 0.5, respectively.

Stiffness degradation and damage evolution

The stiffness degradation behavior of CoDiCo SMC under bending fatigue load
was largely dominated by the Co SMC ply. As can be seen from Figure 5.32
and Figure 5.26, the evolution of the damage variable was very similar for both
materials. In comparison, stiffness degradation in DiCo SMC was far more
pronounced (cf. Figure 5.13). On average, the damage variable of CoDiCo SMC
was reduced by more than 50 % compared to that of DiCo SMC.

As shown in Figure 5.62, CoDiCo SMC specimens failed due to shear buckling
of the compression loaded Co SMC ply. Not only is the compressive strength
of Co SMC less than 50 % of it’s tensile strength (Trauth, 2020), compressive
residual stresses that are a result of the different coefficients of thermal expansions
of Co SMC and DiCo SMC led to the reduced resistance to compressive loads
of the Co SMC ply. The DiCo SMC ply and the Co SMC ply on the tension
loaded side hardly showed any damage until the compression loaded Co SMC
ply failed. A material configuration with a continuous reinforcement only on the
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tension loaded side would enable better exploitation of the materials’ potential in
terms of strength but would feature a significantly reduced modulus of elasticity
(Akiyama, 2014). However, the different coefficients of thermal expansions would
result in strong warpage, that needs to be accounted for during the manufacturing
process.

6.5 Influence of temperature

The influence of temperature on the mechanical properties of DiCo SMC and
CoDiCo SMC was first observed in monotonic bending tests, as shown in Fig-
ure 5.64 and Figure 5.65. In the case of DiCo SMC, increasing the temperature
from 21 °C to 80 °C resulted in a decrease of flexural strength of 24 % at quasi-
static strain rate and 14 % at fatigue strain rate. No significant effect was observed
by reducing the temperature to -20 °C. This is in agreement with observations by
Denton (1979), who found the effect of temperature on the fatigue behavior of
polyester-based SMC to be stronger at high temperatures (Figure 2.6). Heimbuch
and Sanders (1978) observed a similar behavior for epoxy-based SMC.

In the case of CoDiCo SMC, decreasing the temperature to -20 °C resulted in an
increase in flexural strength by 25 % at quasi-static strain rate and 14 % at fatigue
strain rate. Increasing the temperature to 80 °C did not result in a significant
decrease in flexural strength. While there is no data available from literature on
flexural strength at -20 °C, Kliger (1978) reported results on quasi-static bending
tests of polyester-based glass fiber DiCo SMC and CoDiCo SMC at enhanced
temperatures (Table 2.3). Increasing the temperature from 21 °C to 80 °C led to
a reduction of flexural strength by 36 % in case of DiCo SMC and between 43 %
and 48 % in the case of CoDiCo SMC, depending on the number of unidirectional
carbon fiber plies. In contrast to the results obtained in this thesis, Kliger (1978)
observed a more pronounced effect of temperature on flexural strength. Under
tensile load, DiCo SMC showed a reduction in strength of 39% due to the
temperature increase, while the decrease in a hybrid composite was only between
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14 % and 21 %. The results by Kliger (1978) indicate, that a less pronounced
effect under tension load compared to bending load can be expected.

For DiCo SMC, an influence of temperature on the fatigue behavior was small
when comparing the S-N curves at room temperature and at 80 °C. A shift of
20 MPa (7 % lower maximum stress) could be seen in the low cycle fatigue range,
while the influence was negligible in the high cycle fatigue range. Experiments
carried out at -20 C showed a higher influence. A shift of the S-N curve to
higher normalized stresses of up to 50 MPa (27 % higher maximum stress) was
observed. The influence was more pronounced in the high cycle fatigue range than
in the low cycle fatigue range. The DiCo SMC material examined in this thesis
showed a lower sensitivity to temperature than the polyester-based DiCo SMC
investigated by Springer (1983), who determined a reduction of fatigue strength
of approximately 50 % and 30 % for SMC with fiber weight contents of 65 %
and 25 %, respectively, by increasing the temperature from 23 °C to 93 °C. The
influence of temperature was comparable to that observed by Tamboura et al.
(2020), who investigated highly oriented polyester-based DiCo SMC with a fiber
content of only 28 wt.-%, that was filled with 37 wt.-% CaCOj particles, in 0°
and 90° direction as well as a randomly oriented configuration. When comparing
the results between the experiments at -30 °C and 80 °C, a shift of the normalized
S-N curve of approximately 15 % was observed for the highly oriented specimens
in 0° direction as well as for the randomly oriented specimens. The shift was more
pronounced (approximately 24 %) for highly oriented specimens in 90° direction.
The room temperature curves presented by Tamboura et al. (2020) were close to
the curves obtained at -30 °C in the high cycle fatigue range and slightly below the
-30 °C curve at lower numbers of cycles. This is in contrast to the observations
in this thesis. The material investigated was influenced stronger by a decrease
of temperature in contrast to an increase. To better compare and evaluate the
temperature influence, the glass transition temperature of the materials studied
by the other authors need to be taken into account. However, this information is
often not presented in the literature.

Despite the fact, that unidirectional FRPs are largely insensitive to temperature
in the fiber direction (Kawai et al., 2001), the effect of temperature was far more
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pronounced in hybrids combining DiCo SMC and Co SMC. Fatigue strength
was reduced by 170 MPa, compared to the fatigue strength at room temperature,
when increasing the temperature to 80 °C, while an increase of approximately
100 MPa was observed for temperatures of -20 °C. At 80 °C, the Co SMC ply
on the compression-loaded side failed after a low number of cycles in nearly
all specimens tested, while the remaining plies were still able to withstand the
applied load. However, stiffness degraded at a higher rate due to the increased
load the plies had to carry. According to Kawai et al. (2001), Shimokawa et al.
(2008) and Montesano et al. (2012), the influence of temperature is not significant
under tension-tension fatigue loading for composites showing a fiber-dominated
behavior. Investigations by Shimokawa et al. (2008) showed that this also holds
true for cyclic compressive loads. The shear stresses in the transition zone be-
tween the Co SMC and the DiCo SMC ply might possibly be the main reason for
the high temperature-dependence of the hybrid CoDiCo SMC. This assumption
is based on the findings by Sjogran (2002), who investigated the fatigue behavior
of epoxy-based continuous FRPs under mode I, mode II and mixed-mode fatigue
load and showed that temperature significantly accelerates delamination crack
growth. Partial delamination of the Co SMC ply might lead to micro-buckling
or kinking and ultimately fracture of the carbon fibers. Since delamination and
fiber-breakage usually occurred simultaneously, it is difficult to establish a causal
link between the different damage mechanisms. Sjogran (2002) only considered
double cantilever beam, end-notch flexural and mixed mode bending tests in his
study. Consequently, it is unclear whether the same effect can be expected under
uniaxial loads. To the author’s knowledge, studies on the influence of temperature
on the fatigue behavior of continuous-discontinuous composites were published
solely by Riegner and Sanders (1979) and Springer (1983). In these publications,
reinforcement, be it continuous or discontinuous, was realized by glass fibers.
According to Springer (1983), the reinforcement of DiCo SMC with continu-
ous fibers led to a reduced temperature sensitivity under tension-tension load in
transverse direction. Riegner and Sanders (1979) also found the effect of tem-
perature to be small in transverse direction, while more pronounced temperature
dependence was observed in transverse direction. Based on these observations,
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a less pronounced temperature sensitivity of CoDiCo SMC is expected under
tension-tension load in flow direction.

6.6 Influence of frequency

For the examined frequencies, no significant frequency-dependence was observed
for both DiCo SMC and CoDiCo SMC, as can be seen from Figure 5.69 and
Figure 5.70. The results are in accordance with Heimbuch and Sanders (1978)
who found no frequency effect on the fatigue lives of polyester-based and epoxy-
based SMC for frequencies up to 20Hz. Shirinbayan et al. (2017) came to
similar conclusions. They showed no frequency-dependence of vinyl ester-based
DiCo SMC for frequencies up to 50 Hz in case of small applied loads and a slight
tendency towards decreasing fatigue lives with increasing frequency when the
applied load was high. Frequencies of 100 Hz and higher led to induced thermal
fatigue and in turn affected fatigue lives for both low and high applied stresses.

According to Barron et al. (2001), no effect of frequency on the fatigue behavior of
continuous FRPs with a unidirectional orientation could be observed. Therefore,
the combination of DiCo SMC with unidirectional Co SMC is not expected to
show a frequency-dependent behavior when induced thermal fatigue can be ruled
out. Investigations carried out in this thesis confirmed this assumption. However,
frequency might have an effect in the case of a 0°/90° Co SMC reinforcement,
since cross-ply laminates do show frequency dependency, especially at high stress
amplitudes, as shown by Mandell and Meier (1983) and Barron et al. (2001).

According to Heimbuch and Sanders (1978), frequencies of 20 Hz can be encoun-
tered in the automotive service environment. In this range, frequency effects were
found to be negligible, at least in case of CoDiCo SMC with a unidirectional
continuous reinforcement.
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6.7 Causes of scatter

Several manufacturing-related variations in the material’s microstructure result
in scatter of mechanical properties. In DiCo SMC, the most evident factors are
variations in fiber content and orientation.

As presented in Chapter 3, the local and global fiber weight fractions of Co SMC
and DiCo SMC are subject to large scatter. Results from TGA showed high
cross-plaque deviations and even higher deviations within a plaque. Looking for
example at DiCo SMC plaque 6 (Figure 3.5), the fiber weight content in specimen
No. 4 and No. 5 varied by more than 7%, even though they were extracted
from the same plaque at a distance of only 25 mm from one another. Similar
observations were reported by Trauth (2020).

Trauth (2020) further analyzed fiber orientation distributions of DiCo SMC and
CoDiCo SMC specimens. A comparison of four different DiCo SMC specimens
showed no significant difference in the global fiber orientation. However, going
through the specimens’ thickness, variations of the local fiber orientation could
be observed.

The aforementioned factors obviously have an impact on the materials stiffness
and explain the scatter of the initial dynamic stiffness measured in the fatigue
tests. However, the respective global quantities are not the main reason for scatter
in the S-N data, especially not in the case of tension-tension load. This can be
seen from a lack of correlation between the initial stiffness and the fatigue life.
The number of cycles to failure of DiCo SMC, CoDiCo SMC and CoDiCo?90
SMC tested at different stresses were plotted against the initial dynamic stiffness
in Figure 6.6. No clear dependence between the two quantities could be observed.

Failure due to cyclic loading promoted the heterogeneity of the microstructure
resulting in weak spots either in resin-rich areas or areas with a locally unfavorable
orientation and distribution of the fiber bundles. These weak spots varied in
number and characteristics from specimen to specimen. As could be seen from
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Figure 6.6: Fatigue life over initial dynamic modulus of (a)-(c) DiCo SMC, (d)-(f) CoDiCo SMC and
(2)-(1) CoDiCo”? SMC at different stress levels under tension-tension fatigue load.

the IR thermography results in Figure 5.20, damage in DiCo SMC was strongly
localized at a corresponding weak point at an early stage during fatigue life.
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Under cyclic 3-point bending, a clearer connection between the initial dynamic
stiffness and fatigue life could be observed, at least for DiCo SMC and CoD-
iCo SMC, since the specimens were stressed more locally and damage was limited
to a smaller volume. However, the results were not consistent throughout all ana-
lyzed stress levels. No clear connection between the initial dynamic stiffness and
fatigue life was observed for Co SMC (Figure 6.7). Scatter in the fatigue properties
of Co SMC was mainly caused by different amounts of fiber misalignment and
fiber undulations, as well as dry spots resulting from an insufficient impregnation
of the semi-finished material. The fiber volume fraction was too subject to scatter
as well, however, a higher fiber volume fraction did not necessarily lead to higher
strengths, as was already discussed by Trauth (2020). Consequently, slight differ-
ences in fiber volume fraction are not assumed to significantly influence fatigue
life, if other variances such as fiber misalignment, fiber undulations and/or dry
spots are present.

In general, scatter was most pronounced for CoDiCo SMC. This was mostly
caused by the higher number of different damage mechanisms due to a higher
complexity in the random local microstructure of the composite plies. In addition,
characteristics of the transition zone between DiCo SMC and Co SMC plies
differed in each specimen, which resulted in even more uncertainties. As shown by
Trauth (2020) and as confirmed in this thesis, the thicknesses of the different plies
in the CoDiCo SMC also varied. While thickness variations of the DiCo SMC
and Co SMC specimens were accounted for in calculating the stresses based on
the individual specimens’ dimensions, only the total thickness of CoDiCo SMC
specimens was considered, neglecting the influence of varying ply thicknesses.

An analysis of the DiCo SMC microstructure in CoDiCo”® SMC specimens
revealed that the shell-core effect, that is already known from SMC (Le et al.,
2008; Trauth, 2020), was more notable in CoDiCo SMC (Trauth, 2020) and
even more pronounced in CoDiCo”*® SMC. Going from the center of the plaque
(charge region) towards the edges of the plaque (flow region), the amount of fiber
bundle splicing and curvature increased strongly and hardly any intact bundles
were observed in the flow region (Figure 3.7). These microstructural variations
might have also been responsible for a changed damage behavior. Although
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Figure 6.7: Fatigue life over initial dynamic modulus of (a)-(c) DiCo SMC, (d)-(f) CoDiCo SMC and
(2)-(1) Co SMC at different stress levels under bending fatigue load.

this effect was more pronounced for CoDiCo

0/90

SMC specimens, scatter of the

corresponding S-N data was smaller than in to CoDiCo SMC. This is probably

due to a single damage mechanism, namely the initiation and growth of cracks in

the 90° ply, dominating the fatigue damage behavior.
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7 Summary and Conclusions

7.1  Summary

Within the framework of the International Research Group GRK 2078 "Inte-
grated engineering of continuous-discontinuous long fiber-reinforced polymer
structures”, continuous-discontinuous sheet molding compounds (CoDiCo SMC)
based on a two-step curing unsaturated polyester-polyurethane hybrid (UPPH)
resin have been extensively investigated. Research in the fields of technology,
design, simulation and characterization aims to provide a fundamental under-
standing of the material, the processing and the structural behavior. The work
presented in this thesis was conducted within the framework of the GRK 2078
and focused on the fatigue behavior of such hybrid composites and effects of
hybridization under cyclic loading. In line with the research questions defined in
Section 2.6, this chapter summarizes the main results of this thesis.

Fatigue behavior of UPPH-based continuous and discontinuous
SMC

Experimental investigations of the fatigue behavior of UPPH-based discontinuous
SMC (DiCo SMC) and continuous SMC (Co SMC) were carried out to evaluate
their properties in comparison with conventional continuous and discontinuous
FRP. In addition, the investigations provided a basis for evaluating hybridization
effects.

The stress-life behavior of the DiCo SMC investigated in this study was compara-
ble to that of conventional SMC composites, which are mainly based on polyester,

173



7 Summary and Conclusions

vinyl ester, or epoxy resin and filled with CaCOj particles. The fatigue strength
decreased by approximately 10 % with each decade of cycles. However, scatter
was more pronounced than for other material systems. Stiffness steadily decreased
and stiffness loss ranged from 11 % to 14 % after 90 % of the fatigue life under
tension-tension loading. This was slightly lower than the values determined for
SMC composites studied by other authors. Stiffness degradation was mainly at-
tributed to transverse matrix cracking. Stiffness loss under flexural fatigue loading
ranged between 20 % and 23 % after 90 % of the fatigue life.

The fatigue strength of the UPPH-based Co SMC, expressed in absolute values,
was significantly lower than that of unidirectional CFRPs studied by other authors.
Reasons are lower mechanical properties of the fibers, that were used in this
study, as well as a slightly lower impregnation quality compared to CFRPs that
were manufactured in conventional processes (e.g. autoclave). By normalizing
the results to ultimate tensile strength, S-N behavior was comparable. However,
scatter was much more pronounced in the composite investigated in this thesis.
The stiffness degradation curves exhibited several jumps. These were attributed to
fiber cluster fractures, some of which occurred early in fatigue life and in a highly
stochastic manner. No experimental stiffness degradation data were presented by
the other authors.

Effects of hybridization on fatigue properties

While hybridization resulted in a 126 % and 92 % increase in tensile strength (com-
pared to DiCo SMC) at quasi-static strain rate and fatigue strain rate, respectively,
the effect on fatigue strength was even more pronounced. Under tension-tension
load, the stress level at which all specimens withstood at least 2.6 - 10° cycles was
increased by 209 %. This could be explained by a change of mechanisms from a
Co SMC dominated damage behavior under monotonic loading to a DiCo SMC
dominated damage behavior under cyclic loading. When expressing S-N data in
terms of initial maximum strain instead of maximum stress, the results further
showed, that hybrid CoDiCo SMC performed better than both of Co SMC and
DiCo SMC in the high cycle fatigue range. The fatigue ratio of CoDiCo SMC was
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higher compared to both of its components. In addition, the relative stiffness loss
was less pronounced with between 5 % and 9 % shortly before ultimate failure.
Due to the sandwich-like structure of the specimens, the effect of hybridization
was even more pronounced under bending fatigue load. For CoDiCo SMC, the
fatigue strength was 258 % higher than for DiCo SMC. The stiffness reduction
ranged between 4 % and 16 % after 90 % of fatigue life.

Experimental techniques for fatigue damage analysis

Results from microscopic examinations of the specimen edges were successfully
used to analyze effects of hybridization on the DiCo SMC ply in terms of damage
mechanisms and damage evolution. During interrupted tension-tension fatigue
tests, matrix cracks were observed in both the DiCo SMC specimens and the
DiCo SMC ply of the hybrid specimens, which were the main drivers for stiffness
degradation. The observations also allowed for a quantitative analysis of matrix
crack densities.

Effects of hybridization on the damage behavior

Reinforcement with Co SMC hardly affected the damage behavior of the DiCo SMC
ply in the hybrid. The evolution of crack density was comparable to that observed
in DiCo SMC specimens. It can be assumed, that the extent of stiffness degra-
dation was also comparable. In contrast, the damage behavior of Co SMC was
strongly influenced by hybridization. Effects of hybridization were due to residual
stresses resulting from compression molding and a change in damage development
leading to a better exploitation of the carbon fiber properties.

Effects of a cross-ply continuous reinforcement

This thesis also investigated a hybrid composite reinforced with a 0° and a 90°
Co SMC ply on both sides. The 0° ply was located at the surface, while the 90°
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ply was adjacent to the DiCo SMC ply. Cyclic loading resulted in early crack
initiation in the 90° plies, even at comparatively low applied stresses. With an
average ply thickness of 0.32 mm, these cracks were considerably large. They
triggered delamination between the 0° ply and the 90° ply and also grew into the
adjacent DiCo SMC. Aside from these large cracks, whose coalescence led to the
final separation of the specimens, hardly any transverse matrix crack developed
in the DiCo SMC ply. This damage evolution resulted in significantly higher
stiffness loss of more than 12 % on average at 90 % of fatigue life. While tensile
strength at quasi-static strain rate and fatigue strain rate increased by 94 % and
71 %, respectively, compared to DiCo SMC, fatigue strength at 2.6 - 10° cycles
increased by 85 %. The fatigue ratio of the hybrid composite was comparable to
that of DiCo SMC.

Effects of frequency and temperature

The fatigue behavior of discontinuous glass fiber SMC and unidirectional CFRP
is known to be largely insensitive to different frequencies, especially as long as
they are in a range where thermal induced fatigue plays a minor role. As expected,
CoDiCo SMC was also unaffected by frequency, at least in the investigated fre-
quency range between 1 Hz and 10 Hz.

In contrast, it is well known that mechanical properties of DiCo SMC are affected
by temperature. This was also observed for the DiCo SMC examined in this
thesis in bending fatigue tests conducted at -20 °C, 21 °C and 80 °C. The average
fatigue strengths at -20 °C and 80 °C differed by more than 50 MPa in the high
cycle fatigue range. Unidirectional CFRP is not known to exhibit significant
temperature dependence in this temperature range. Nevertheless, the fatigue
behavior of CoDiCo SMC was strongly influenced by temperature. The fatigue
strength at 80 °C was reduced by more than 170 MPa and by more than 260 MPa
in the low and high cycle fatigue range, respectively, compared to results obtained
at -20 °C. The influence of temperature was thus far more pronounced than in
DiCo SMC.
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Fatigue life prediction modeling

A phenomenological model can provide a good first lifetime estimation for the
CoDiCo SMC composite investigated in this thesis. The model presented here
approximates the S-N behavior of CoDiCo SMC based on the volume ratio and
initial stiffness ratio of DiCo SMC and Co SMC under the assumption that a
stress, that is applied to the hybrid, equals the fatigue strength of the hybrid at
a specific number of cycles, if it results in a stress in the DiCo SMC ply, that
equals the fatigue strength of DiCo SMC at the same number of cycles. A more
profound modeling approach, that accounts for changing stiffness ratios during
cyclic loading could lead to a better fatigue life assessment. However, such a
phenomenological model is, however, not transferable to arbitrary configurations
of CoDiCo SMC composites. Changing the ply thicknesses and/or orientations
would lead to different mechanisms, that are not captured in the model at hand.

7.2 Conclusions and Outlook

Hybrid composites combining a discontinuous glass fiber reinforcement and a
continuous carbon fiber reinforcement have been shown to offer great potential
for structural applications due to their excellent mechanical properties combined
with high geometric flexibility and low manufacturing time and costs. The ex-
perimental results presented in this thesis highlight in particular their advantages
under cyclic loading conditions. It is essential to consider, that hybridization
effects under cyclic loading are less pronounced, when continuous reinforcements
other than unidirectional ones are used. In addition, the temperature sensitivity
of CoDiCo SMC is particularly critical and must be taken into account when
dimensioning CoDiCo SMC components.

Although this thesis provided notable contributions to understand the fatigue be-
havior of CoDiCo SMC, additional research is needed for an all-encompassing
characterization. The following points are of particular interest for further inves-
tigations:
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Experimental investigation focused on the fatigue behavior in flow direction.
Since the examined materials are highly anisotropic, future experimental
investigations should also assess mechanical properties in 90° direction.
Not only the mechanical properties, but also damage evolution is anisotropic.
Stiffness degradation measurements were only carried out in the direction
of loading. The effect that a unidirectional load has on the properties in
transverse direction remains to be investigated.

While only tension-tension and bending fatigue loads were considered in
this thesis, future investigations should also focus on tension-compression
and compression-compression as well as multi-axial loading conditions.
This thesis focused on hybrid composites combining DiCo SMC and
Co SMC in two different configurations. Since hybridization effects depend
on various factors, such as the relative amount of the different fibers, their
mechanical properties (e.g. elastic properties, failure strain ratio and fiber
strength distribution) and the degree of dispersion, the results presented
here are not readily transferable to arbitrary material configurations. The
development of more profound models, that capture effects of hybridization
on the mechanistic level, is necessary to reduce experimental effort in the
future and to efficiently design hybrid CoDiCo SMC components.
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