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Abstract

A novel approach in hybridisation of composites focusses on the
combination of a discontinuous (Dico) glass fibre reinforced sheet
moulding compound (SMC) with continuous (Co) carbon fibre SMC,
manufactured in an adapted SMC process. The hybrid continuous-
discontinuous (CoDico) SMC aims to enhance load-bearing capacities
due to a possible local reinforcement of components. The main ob-
jective of this work is to significantly deepen the understanding of the
material and structural behaviour of CoDico SMC composites, follow-
ing a holistic approach to investigate microscopic aspects and macro-
scopic mechanical behaviour at the coupon, structure and component
level. For this purpose, the mechanical properties of the hybrid SMC
and modelling approaches are presented and discussed. Criteria to
evaluate the effect of hybridisation are also introduced. In general,
a hybrid CoDico SMC composite is an interesting hybrid material
that allows tailorable material properties in structural components
through local reinforcements; it thereby achieves a property profile
superior to the sum of the properties of the individual materials.

In comparison to a discontinuous glass fibre SMC, hybrid CoDico
SMC composites stood out due to their superior mechanical perfor-
mance at coupon, structure and component level. However, the effect
of hybridisation strongly depended on loading case. The continuous
component determined elastic material properties. At the coupon
level, tensile and compressive moduli of elasticity were more than
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doubled by a continuous reinforcement. A rule of hybrid mixtures
based on the volume-averaged elastic material properties of the two
individual materials was suitable to predict the tensile and compres-
sive moduli of elasticity. The laminate layup, with two continuous
carbon fibre SMC surface layers, most importantly increased the
flexural modulus of elasticity, to more than four times higher than
that of the discontinuous glass fibre SMC. An adaption of the classical
laminate theory (CLT), which enabled consideration of the specific
layup of the hybrid laminate as well as the tension-compression
anisotropy of the continuous carbon fibre SMC, precisely predicted
the flexural modulus of elasticity.

Evolving damage, hence the strength of the hybrid CoDico SMC com-
posite, was strongly linked to the continuous reinforcement. Inter-
fibre failure and (inter- as well as intralaminar) delamination were
the most important failure mechanisms. Tensile and flexural strength
could be tripled and doubled, respectively, due to hybridisation.
Hybridisation significantly enhanced performance at the structure
level in terms of maximum force and puncture energy, if exposed
to quasi-static puncture. In addition, an optimised local continuous
reinforcement of a discontinuous glass fibre SMC component signi-
ficantly increased stiffness and load at failure.

vi



Kurzfassung

Ein innovativer Ansatz verfolgt das Konzept diskontinuierliche
glasfaserbasierte Sheet Moulding Compound (SMC) Verbunde lokal
mit kontinuierlichem kohlenstofffaserbasiertem SMC zu verstärken,
um die mechanischen Eigenschaften von strukturellen Komponen-
ten gezielt an ein Anforderungsprofil anpassen zu können. Die
vorliegende Arbeit basiert auf einem ganzheitlichen Ansatz, der da-
rauf abzielt Material-, Struktur- und Bauteileigenschaften eines hy-
briden kontinuierlich-diskontinuierlichen SMC Verbundes zu un-
tersuchen. Innerhalb jeder Stufe werden dabei die Eigenschaften
der individuellen sowie des hybriden Materials betrachtet, um über
geeignete Kriterien den Hybridisierungseffekt zu bewerten.
Analytische Modellierungsstrategien werden vorgestellt, um das
Materialverhalten abzubilden.

Der untersuchte kontinuierlich-diskontinuierliche SMC Verbund
zeichnete sich durch ein verbessertes mechanisches Eigenschaftsspek-
trum, sowohl auf Proben-, Struktur- als auch auf Bauteilebene aus.
Allgemein betrachtet ermöglicht die lokale Verstärkung einen vielver-
sprechenden Ansatz, um Material-, Struktur- sowie Bauteileigen-
schaften gezielt auf einen vorherrschenden Lastfall abstimmen zu
können und im Optimalfall ein Eigenschaftsprofil zu generieren,
welches besser als die Summe der Eigenschaften der beiden indi-
viduellen Komponenten ist. Der Effekt der Hybridisierung hing
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Kurzfassung

jedoch stark vom Belastungsfall ab. Die kontinuierliche Kompo-
nente bestimmte die elastischen Materialeigenschaften. Auf Pro-
benebene wurden durch die Hybridisierung der Zug- und Druck-
elastizitätsmodul mehr als verdoppelt. Eine hybride Mischungsregel,
basierend auf den volumengemittelten elastischen Materialeigen-
schaften der beiden Einzelmaterialien, war geeignet, um den
Elastizitätsmodul für Zug- und Druckbelastungen vorherzusagen.
Das Laminat mit zwei kontinuierlichen kohlenstofffaserverstärkten
Deckschichten wies einen viermal so hohen Biegeelastizitätsmodul,
verglichen mit dem diskontinuierlichen glasfaserverstärkten SMC,
auf. Eine Adaption der klassischen Laminattheorie, die es ermöglicht,
den spezifischen Aufbau des Hybridlaminats sowie die Zug-Druck-
Anisotropie des kontinuierlichen kohlenstofffaserverstärkten SMC
zu berücksichtigen, bildete den Biegeelastizitätsmodul des hybriden
CoDico SMC Verbundes sehr präzise ab.

Die Schädigungsentwicklung und somit auch die Festigkeit des hy-
briden SMC Verbundes basierte auf dem Versagen der kontinuier-
lichen Verstärkung. Dieses war vor allem durch Zwischenfaserbrüche
und (inter- sowie intralaminare) Delamination charakterisiert. Die
Zugfestigkeit und Biegefestigkeit konnten durch die Hybridisierung
verdreifacht bzw. verdoppelt werden. Die quasistatischen Durch-
stoßeigenschaften, abgebildet durch die maximale Kraft und die
Durchstoßenergie, welche die mechanischen Eigenschaften auf Struk-
turebene darstellen, waren für das hybride CoDico SMC signifikant
höher im Vergleich zum nicht verstärkten diskontinuierlichen SMC.
Weiterhin erhöhte eine optimierte lokale kontinuierliche Verstärkung
die Steifigkeit und ertragbare Last beim Versagen im Komponen-
tentest signifikant.
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1 Introduction

This section presents the framework and motivation of this disser-
tation in the broader scientific context. The objectives are stated,
and the contribution of this work to the state of research is specified.
Finally, the structure of the document is outlined, and the relationship
between the chapters is explained.

1.1 Motivation

Today, cars are major emitters of greenhouse gasses, responsible for
12 % of total carbon dioxide (CO2) emissions in the European Union
(European Union, 2009). The transport sector as a whole represents
almost a quarter of Europe’s greenhouse gas emissions and is the
main cause of air pollution in cities (European Commission, 2016).
The European Union enforces car manufacturers to reduce the fleet
average of CO2 emission to be achieved by all new cars to 95 g of
CO2 per kilometre (European Union, 2009). For this purpose, car and
truck manufacturers will also have to reduce the average weight of
their vehicles. In addition, given the stated goal of replacing con-
ventional engines with electrical drives as part of the German en-
ergy turnaround and given the significant weight of vehicle batteries,
manufacturers of electric vehicles must also develop new material
concepts and manufacturing techniques.
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Lightweight design in the transportation sector, whose significance
has continued to grow in recent decades, will thus remain an increas-
ingly important field of research for the foreseeable future.

Substituting both non-structural and semi-structural components
with fibre reinforced polymers has been a vital method of reducing
vehicle weight. However, this approach seems to have already been
quite thoroughly exploited. The logical step forward to address
vehicle weight is therefore to make structural components of vehicles
from lightweight fibre reinforced polymers. Naturally, this step
places the mechanical properties of lightweight materials directly in
focus. Depending on the type and architecture of fibrous reinforce-
ment, fibre reinforced polymers have different advantages and draw-
backs regarding their mechanical properties and their manufacturing.

Sheet moulding compound composites (SMC), which are charac-
terised by a discontinuous reinforcement, comprise an attractive
material class for many technical applications and have long been
successfully used for non-structural components. In Europe, truck
manufacturing was the first industry to fully recognise the commer-
cial potential of SMC to be considered in body panels. Pioneering
independent truck builders used an all-SMC truck cab as far back
as the early 1970s (The European Alliance for SMC/BMC, 2016).
Since then, the use of SMC materials has intensified tremendously,
especially in the transportation sector. Mass transit is an important
market for SMC composites, which are used for the interior parts of
trains, for example. The SMC technology attracts attention due to
its low material and tooling costs, the prospect of fully automated
manufacturing as well as short manufacturing times. It also allows
for manufacturing of complex geometries due to its high formability
during the compression moulding step.
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Its significant disadvantages, however, include its low strength and
stiffness, caused by the discontinuous fibres used in conventional
chopped, fibre reinforced SMC composites.

Continuous fibre reinforced polymers, in contrast, stand out due
to their high stiffness and strength in fibre direction, which make
them very attractive for load-bearing components. Nevertheless,
the excellent mechanical properties of this material class come at
the expense of higher material and manufacturing costs and limited
formability (Figure 1.1).

- Low stiffness and strength
Discontinuous fibres

- Restricted formability

Continuous fibres

+ Good formability
Discontinuous fibres

+ High fibre volume content
Continuous fibres

- Complex microstructure
- High cycle times
- High scrap rate
- Extensive trimming

+ Low cycle times
+ Functional integration

+ Low finishing demands
+ Controlled fibre alignment
+ High stiffness and strength

Figure 1.1: Drawbacks (red) and advantages (green) of discontinuous (Dico) and
continuous (Co) fibrous reinforcement.

Hybridising composites would theoretically enable the creation of a
material that combines the benefits of the individual composite mate-
rials. An innovative approach followed by the International Research
Training Group (IRTG) on the integrated engineering of continuous-
discontinuous long fibre reinforced polymer structures (GRK 2078)
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aims to accomplish exactly this goal (Böhlke et al., 2016). In this pro-
ject, continuous and discontinuous SMC composites are combined in
a one-shot process to attain both the flowability of discontinuous SMC
and the superior mechanical properties of continuous SMC (Figure
1.2), ultimately obtaining locally reinforced parts made from SMC
composites (Figure 1.3).

+ Good formability

+ High fibre volume content

+ Low cycle times
+ Functional integration
+ Low finishing demands

+ Controlled fibre alignment

+ High stiffness and strength
+ High fibre volume content

+

Continuous - discontinuous fibres

Figure 1.2: Advantages of hybrid continuous-discontinuous SMC materials.

10 cm

Figure 1.3: Subfloor structure made of discontinuous glass fibre (GF) SMC with
continuous carbon fibre (CF) SMC reinforcements (image provided by Fraunhofer ICT).
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1.2 Scope and objective

Hybrid materials, which are based on a combination of different
composites, offer interesting mechanical and structural property pro-
files. Depending on the architecture of the reinforcing fibres and the
macroscopic structure, a hybrid composite with properties tailored
to the specific requirements of a certain component can be designed.
However, the resulting material and structural properties become ar-
bitrarily complicated and represent an important challenge for mater-
ial characterisation and modelling. Generally, hybrid composites are
heterogeneous both on the macroscopic scale (e.g. stacking sequence
of different layers) and on the microscopic scale (e.g. fibre orientation
and length distribution). Hence, the resulting material properties de-
pend not only on stacking sequence and the macroscopic architecture
of the hybrid composite but also on the process-induced microstruc-
ture and the interaction between the individual components. Numer-
ous test methods and standards, considering different fibre architec-
tures have been established to characterise the mechanical properties
of fibre reinforced polymers. However, as soon as different reinfor-
cing architectures are combined, these standards are no longer neces-
sarily valid. Robust experimental and analytical tools are required to
explain and describe the resulting properties and characteristics of the
hybrid composites, in order to successfully combine continuous and
discontinuous SMC for structural applications. Thus, this dissertation
aims primarily to characterise the structure-property-relationships
of continuous, discontinuous and hybrid continuous-discontinuous
SMC composites. For this purpose, reliable characterisation methods
must be defined, including adapting testing methods and investigat-
ing novel and improved experimental techniques to gain insight into
SMC’s material behaviour. In addition, characterisation of discon-
tinuous, continuous and hybrid continuous-discontinuous SMC has
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to be carried at the coupon, structure and component levels to deduce
material, structural and component properties. A second objective
is the investigation and evaluation of the hybridisation effect. For
this purpose, criteria to characterise an effect of hybridisation are
presented and chosen according to their suitability. Apart from
mechanical material properties, the damage evolution and failure
mechanisms resulting from different loading cases are thoroughly
considered. The hybrid material and its individual components have
therefore been described at micro-, meso- and macroscopic levels.
Furthermore, this dissertation aims to analytically predict and model
the stiffness and strength of hybrid SMC composites exposed to
uniaxial loads. The aforementioned objectives strongly focus on an
interaction with simulation tools and mechanics to clearly identify
which data and parameters are necessary to define to obtain a robust
and reliable material model. With respect to the implementation
of continuous-discontinuous SMC composites in technical applica-
tions, a profound understanding of material properties and damage
evolution enables one to accommodate safety factors, creating more
potential for lightweight applications.

1.3 Contribution to the
current state of research

This dissertation investigates the mechanical material, structural and
component properties, and damage evolution and failure mecha-
nisms of a hybrid continuous-discontinuous (CoDico) SMC composite.
In particular, it contributes insight into mechanical performance of a
novel hybrid composite based on advanced experimental approaches:

• Both components, the discontinuous glass and the continuous
carbon fibre SMC composite, are based on a novel unsaturated
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polyester-polyurethane two-step curing hybrid resin system. The
continuous (Co) SMC considered for local reinforcement is man-
ufactured by an adapted SMC process on a conventional SMC
conveyor belt. The discontinuous (Dico) structural SMC within
this contribution aims to present better mechanical properties
than standard SMC composites. To meet this requirement, the
resin system features no fillers. This absence leads to a SMC
composite featuring a high fibre volume content combined with
a low density. A method is presented to successfully manufac-
ture hybrid CoDico SMC laminates.

• Mechanical testing methods are adapted to meet the difficulties of
testing continuous (Co), discontinuous (Dico) and continuous-
discontinuous (CoDico) materials.

• Digital image correlation (DIC) enabled the capturing of three-
dimensional (3D) strain fields to get a deeper understanding of
evolving damage on a macroscale.

• The mechanical characterisation also focusses on structural
properties and rate dependence, as well as component testing.

• An analytical approach is presented to predict mechanical prop-
erties of hybrid CoDico SMC composites exposed to different
loading cases.

• The damage evolution and failure mechanisms of hybrid CoDico
SMC composites are investigated on a macroscopic scale
(in-situ and ex-situ) and on a microscopic scale (ex-situ and
post-mortem).

• Methods and criteria to evaluate the effect of hybridisation are
introduced, evaluated and applied.
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In summary, this dissertation concerns manufacturing, characterising
and analytically modelling of sheet moulding compound composites
considering a new hybrid material, based on different fibrous rein-
forcement architectures and a novel resin system.

1.4 Outline of this dissertation

Chapter 2 begins with a summary of the current state of research of
discontinuous sheet moulding compound composites, which focusses
on processing technology and mechanical material properties. It then
reviews conceptions of structural SMC and hybridisation. Chapter
3 introduces the material system considered for characterisation and
modelling. Experimental methods to determine mechanical material,
structural and component properties of hybrid SMC composites are
described in chapter 4. Chapter 5 introduces the basics of analytical
modelling with respect to existing approaches for continuous and dis-
continuous (long) fibre reinforced polymers. Chapter 6 and chapter
7 present and discuss the results of the experimental characterisation
and analytical modelling of the hybrid SMC. In chapter 8 this disser-
tation closes with a summary of the study’s main conclusions.
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This chapter starts with a definition and description of hybrid ma-
terials and composites in general before turning to sheet moulding
compounds (SMC). Besides the material’s composition and manu-
facturing process, the advantages and disadvantages of this material
class are discussed, and recent trends in the field of (structural) SMC
are presented. A focus lies on the description of macromechanical
material properties and the interaction of the material’s microstruc-
ture with resulting mechanical and structural behaviour as well as
failure mechanisms. In the second part, hybrid composites, their
definition and development within the last few years are introduced.
Closing the chapter, hybridisation concepts of SMC are presented to
bridge existing approaches and novel insights of this dissertation.

2.1 Definition of hybrid materials

Engineering materials can be classified into metals, ceramics, glasses,
elastomers and polymers (Figure 2.1). Every family of material is
characterised by common features, including properties, processing
routes and similar applications. A distinct profile of properties relat-
ing to a specific technical application, is the main criterion by which
to choose materials for a component (Ashby, 2006). Due to recent
technological developments and expanded requirements on mater-
ial properties, standard materials belonging to one of the aforemen-
tioned families can not entirely meet all requirements. Thus, hybrids
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unite two or more materials, aiming to combine the advantageous
properties of different families while avoiding their shortcomings.

Hybrids

Metals

Ceramics

Glasses

Elastomers

Polymers

Figure 2.1: Basic families of engineering materials: metals, ceramics, glasses, polymers
and elastomers, which can be combined into hybrids, according to Ashby (2006).

According to Ashby (2006) hybrids can be defined as a combination
of two (or more) materials in a predetermined configuration, relative
volume and scale. Hybrids occupy areas of property space previously
unoccupied by bulk materials, and they are to serve a specific engi-
neering purpose in an optimal manner. On the macroscopic scale, a
hybrid behaves like a homogeneous solid, described by its own set of
thermomechanical properties. The resulting properties of the hybrid
material cannot always be described or calculated easily. Hence, it is
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favourable to define bounds or limits of a mechanical property. The
main representative classes of hybrids are composites, sandwiches,
segmented structures, lattices and foams (Figure 2.2).

Hybrids

Com-
posites

Sand-
wiches

Seg-
mented
struc-
tures

Lattices
and
foams

Figure 2.2: Configuration of hybrids: composites, sandwiches, segmented structures
and lattices, according to Ashby (2006).

Nestler (2012) has presented a slightly different definition, describing
a composite as a macroscopically homogeneous material, in con-
trast to a hybrid, which is heterogeneous on the macroscopic scale.
A distinction is made between mixed materials design and hybrid
materials (compounds). Mixed materials design is characterised by
combining different materials considering joining technologies. A
joining zone exists. Each material exists in an autarkic manner and
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offers a distinct profile of properties. One of the materials may be
dominant. On the other hand, hybrid materials (compounds) are
based on at least two different subsystems (materials). In general, the
different subsystems work equivalently as a functional and structural
unit, and the property profile results from the combination of the
properties of the individual constituents. The materials are combined
without joining elements or additives and the transition between the
subsystems is marked by an interface.

Nestler (2012) has defined five main groups of materials - metals,
polymers, ceramics, composites and natural materials - as well as
three levels of mixed materials design and the creation of hybrid
materials (compounds). Mixed materials design and hybrid materials
can, first of all, be formulated by combining materials belonging to
different material main groups. A second possibility arises in the
combination of materials belonging to the same material main group
or even in the combination of the same type of material but with
different compositions.

Depending on the shape of materials and the way they are com-
bined, different possibilities arise for the properties that be achieved
with hybridisation. The possible resulting properties of a hybrid
material, which reflect those of its individual components combined
in a distinct way, are depicted in Figure 2.3. In the "best of both"
scenario (point A), the hybrid, which is based on a combination of
material 1 (M1) and material 2 (M2), exhibits the best properties of
both components. In point B (the "rule of mixtures" [RoM] scenario)
the resulting property of the hybrid is described by the arithmetic
average of the individual component properties, weighted by their
volume fractions. If "the weaker link dominates" (point C) the hybrid
properties are described by the harmonic rather than the arithmetic
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mean value. Point D describes "the least of both" scenario, for which
a component of the hybrid might be designed to fail early to fulfil a
special function.

M 1

M 2

A

D

B

C

Pr
op

er
ty

2

Property 1

Figure 2.3: Achievable properties of a hybrid material consisting of material 1 (M1)
and material 2 (M2). A: "the best of both", B: "rule of mixtures (RoM)", C: "the weaker
link dominates", D: "the least of both" (Ashby, 2006).

Within this dissertation, the term hybrid composite refers to a com-
bination of different polymer-based composites (macroscopically
homogeneous) combined into a hybrid material (macroscopically
heterogeneous). In the following, a more detailed description of
composites and hybrid composites is presented.
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2.2 Composite materials

2.2.1 Definition and fundamentals

In contrast to hybrids, which consist of two or more materials with in-
dividual components that can clearly be distinguished on the macro-
scopic scale, composite materials are macroscopically homogeneous
multiphase materials. In principle, and according to Ashby (2006),
any two material families depicted in Figure 2.1 can be combined to
form a composite. Each component, which is different in terms of
composition or form, remains together and retains its identity and
properties (Lee, 1995). A well-designed combination of the different
materials leads to a material with desirable properties, not obtainable
with only one of the constituents. The application of composite
materials enables one to optimise the mechanical properties of a
structure, which can be tailored to fulfil specific requirements (Ashby,
2006; Rösler et al., 2012).
In general, a composite consists of a matrix and a reinforcing phase.
The reinforcing element holds the load-bearing function, while the
surrounding matrix aims to protect the reinforcing component, trans-
fers loads to the reinforcement and defines the shape of the composite
(Henning et al., 2011). A first classification of composite materials
is based on the type of the matrix phase (Cardarelli, 2008; Rösler
et al., 2012). Considering polymer matrix composites, the polymer-
based matrix system, which can be either a thermoset, thermoplastic
or elastomer, is reinforced by particles, whiskers or fibres. Thus,
the second level of classification refers to the type of reinforcement
characterised by the aspect ratio (Henning et al., 2011). In contrast
to whiskers and particles, fibres have one dominating dimension
that is significantly larger, by orders of magnitudes, than the other
two dimensions. The structure and properties of the reinforcing
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component of a composite have the most pronounced effect on re-
sulting material properties. The advantage of considering fibres as
a form of reinforcement arises from the fact that the load transfer
from the matrix is particularly efficient when the dimensions of the
reinforcing material extend as far as possible in the load direction.
In addition, fibres feature a typical diameter between 5 µm to 25 µm,
and their defects are therefore also very small size. The third level
classifies fibre reinforced polymers by the length and geometry of the
reinforcing fibres and distinguishes between short (length < 1 mm),
long and continuous fibre composites (Rösler et al., 2012).

Short and long fibre composites might be defined either by a random
or by a partially aligned fibre orientation and are also named discon-
tinuous or chopped fibre composites. Continuous fibre composites
are reinforced by oriented, unidirectionally aligned, fibres. Finally,
hybrid composites, consisting of either a mix of discontinuous and
continuous fibrous reinforcement or of different fibre types, can be
distinguished (Gibson, 2007). Since this chapter aims to generally
introduce composite materials, hybrid composites are described in
more detail in section 2.4.

A significant characteristic of a fibre reinforced polymer is its
anisotropy and the heterogeneous microstructure that strongly affects
the macroscopic material properties. Continuous fibre reinforced
polymers stand out due to their high stiffness and strength in the
fibre direction, and they are very attractive for load-bearing struc-
tures and components. However, the high load-bearing capacity of
continuous fibre reinforced polymers is accompanied by higher ma-
terial and manufacturing costs. Another drawback is the material’s
very limited formability. Consequently, unidirectionally reinforced
composites are considered only for structures manufactured with a
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small-to-average number of pieces and low geometrical complexity.
In contrast, discontinuous, long fibre reinforced polymers offer much
design freedom and lower material and manufacturing costs. How-
ever, a decisive disadvantage of discontinuous, long fibre reinforced
polymers is significantly reduced mechanical properties, as compared
to unidirectional fibre reinforced composites, due to the finite fibre
length (Figure 2.4).

Performance Processability

Stiffness

Strength

Increasing fibre content
Increasing fibre length

Figure 2.4: Schematic and qualitative drawing of performance of fibre reinforced
polymers in terms of stiffness, strength and processability depending on fibre content
and fibre length.

2.2.2 Basic mechanisms of fibrous reinforcement

Fibre reinforced polymers are based on the principle of load sharing
and load transfer between different material phases. One phase, the
fibres, are the reinforcing component, and the second phase, the ma-
trix, transfers loads between the reinforcing elements. Characterised
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by high specific stiffness and strength, fibres improve the mechan-
ical performance of a polymer, whereas the improvement strongly
depends on fibre content, fibre orientation and length distribution, as
well as the fibre-matrix interface.

In composites, reinforced with unidirectionally aligned fibres, stress
applied in the fibre direction results in the same strain in the fibres
and the matrix, if one assumes that both components behave elastic-
ally and are perfectly bonded. Sustained stresses, however, occur in
the same ratio as their tensile moduli of elasticity. Generally, failure
mechanisms and damage evolution result from the behaviour of the
matrix, the fibres and the fibre-matrix interface (Friedrich, 1989),
and important failure mechanisms for continuous fibre reinforced
polymers are fibre and matrix fracture (Hull and Clyne, 1996). Since
continuous fibre reinforced polymers often build up as laminates
consisting of individual plies, featuring an equal or different fibre
orientation, fibre breakage (translaminar) may be accompanied by
fractures along the fibres (inter-fibre or intralaminar) and interlam-
inar fractures between different plies (Friedrich, 1989), commonly
termed delamination (Marom, 1989).

If exposed to uniaxial tension, a continuous fibre reinforced composite
deforms as the load increases in the following stages (Jones, 1999):

1. Fibres and matrix deform elastically.

2. Fibres continue to deform elastically, and the matrix deforms
plastically.

3. Fibres and matrix may deform plastically.

4. Fibres fracture, followed by failure of the composite material.
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Depending on the ultimate (u) or failure strain of matrix (M) (εM,u)
and fibre (F) (εFu), two cases of failure evolution can be identified
(Figure 2.5a and 2.5b).

In case (a), the fibres break before matrix failure strain (εM,u) is
reached. Below the critical fibre content (φF,crit), failure is matrix-
dominated. In case (b), the strength of the composite follows a rule
of mixtures with elastic behaviour of the matrix and fibres up to
a deformation equal to the failure strain of the matrix (εM,u). At
this point, matrix cracking is initiated, and the load is progressively
transferred to the fibres, which gradually break. Final fracture occurs
when strain is equal to fibre failure strain (εF,u).

If a composite is subjected to mechanical loads, independent from
velocity, energy absorption is based on material deformation and
the creation of new surfaces. The properties of the reinforcing
component, loading case and loading rate generally define which
mechanisms appear where at what time and in what amount
(Schoßig, 2011).
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Figure 2.5: Schematic plot for idealised failure of fibre reinforced composites with
fibre and matrix failing in a brittle manner. Stress-strain curves of fibre, matrix and
composite as well as dependence of composite failure stress on fibre (volume) fraction
are depicted. σF,u and σM,u refer to the failure stress of fibre and matrix. σF(M,u) is
the stress in the fibre when matrix strength is reached. σM(F,u) refers to the stress in
the matrix at fibre failure stress (strength), respectively. In case (a) failure strain of the
matrix is higher than failure strain of the fibre and in case (b) failure strain of the fibre
is higher than failure strain of the matrix, adapted from Hull and Clyne (1996).
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Stress transfer from matrix to the fibres leads to a tensile stress distri-
bution of zero at the ends of the fibre and maximum in the centre. In
contrast, interfacial shear stresses show a maximum at the fibre ends
and are equal to zero in the centre (Hull and Clyne, 1996). The length
of the reinforcing component, hence the fibres, plays a significant
role in the mechanical performance of fibre reinforced composites. A
decrease in fibre length decreases the reinforcing effect, since the pro-
portion of the total fibre length, which is not fully loaded increases.
Below the critical fibre length, lcrit, with

lcrit =
dF · σF,u

2τint
, (2.1)

considering the diameter and strength of the fibre (dF and σF,u)
and the interfacial shear strength (τint), the fibre cannot undergo
any further fracture, and damage is characterised by pull-out of the
fibres. If the fibre length l exceeds lcrit the orientation of the fibre
with respect to direction of crack extension determines whether fibre
fracture or pull-out is more likely to happen (Hull and Clyne, 1996;
Piggott, 1980).

In discontinuous fibre reinforced composites, one can no longer
assume that strains in the fibre and the matrix are the same. Pulling
on a composites results in a smaller extension of the fibre than the
matrix, and shear strains develop at the surfaces of the fibre, which
transfer the stress between the fibre and the matrix (Piggott, 1980).
Failure in discontinuous fibre reinforced composites may favourably
start at microvoids or microcracks, which might be a result of the
manufacturing process.
The growth of cracks and final failure are a result of different sep-
aration mechanisms on the microscale, and in particular, matrix
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deformation and fracture, fibre-matrix debonding, fibre pull-out and
fibre fracture are of special importance (Lauke et al., 1990). The
fracture energy of a composite is finally given by a summation of the
energy contributions of the different failure mechanisms and their
involvement with the damage evolution (Friedrich, 1989).

2.3 Sheet moulding compound composites

2.3.1 Definition and terminology delimitation

Sheet moulding compound composites (SMC) belong to the material
class of fibre reinforced thermosets. In combination with bulk mould-
ing compounds (BMC), SMC have recently had the highest economic
importance in terms of production volume in Europe (Witten et al.,
2016). The term SMC describes the flowable pre-impregnated semi-
finished material, generally consisting of the resin, reinforcing fibres
and inorganic fillers and additives (AVK - Industrievereinigung Ver-
stärkte Kunststoffe e.V., 2013; Neitzel et al., 2014). Depending on
application and special requirements, ingredients may vary widely
(Kia, 1993; Wang et al., 2011). In addition, SMC also refers to the
process of converting the semi-finished material into a composite
part, usually achieved through compression moulding (Orgéas et al.,
2011).

2.3.2 Discontinuous SMC composites

2.3.2.1 Composition

In general SMC consist of a matrix, a fibrous reinforcement, and
additives and fillers. The individual constituents are described in
the following.
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The matrix
The matrix aims to bind the fibrous reinforcement together, protecting
the fibres from the environment and shielding them from damage due
to handling, for example. In addition, the matrix distributes the load
to the fibres. Although it has relatively low mechanical properties
compared to the fibres, matrix properties play a significant role in
the resulting mechanical performance, especially due to resulting
interface properties with a specific fibre type. Sheet moulding com-
pounds are based on thermosets. Table 2.1 details the characteristics
of different resin systems, considered for SMC composites.

Table 2.1: Characteristic mechanical and thermal properties of standard thermoset
materials, according to Berreur et al. (2002) and Orgéas et al. (2011).

Polymer
Density
in g cm−3

Tensile
modulus
of elasticity
in GPa

Tensile
strength
in MPa

Tensile
elongation
in %

Flexural
modulus
of elasticity
in GPa

Heat
resistance
in ◦C

Polyester (UP) 1.2 3.0 – 3.5 50 – 65 1.5 3.0 120
Vinylester 1.1 – 1.3 3.5 – 4.0 70 – 90 3.0 3.5 140
Phenolic resin 1.2 3.0 – 3.5 40 – 55 1.5 3.0 120 – 150
Epoxy 1.1 – 1.4 3.5 – 4.0 50 – 90 3.0 3.0 120 – 200
Polyurethane 1.1 – 1.5 20 – 50 1.0 100 – 120
Polyimide 1.3 – 1.4 30 – 40 4.0 250 – 300

Unsaturated-polyester (UP) resins are most commonly used as matrix
material of standard SMC, due to their good physical and mechanical
performance in solid state, low cost and short curing times (Malik
et al., 2000). Furthermore, vinylester, phenolic or epoxy resins are
also widely considered depending on specific demands (Abrams,
2001; Orgéas et al., 2011).
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Fillers and additives
Possible additional ingredients include low-profile additives, cure
initiators, thickeners, process additives and mould release agents,
which aim to enhance the processability of the material and the
end-performance of the part (The European Alliance for SMC/BMC,
2016). Thickening agents, especially, are important to increase the vis-
cosity of the paste since a sufficiently high viscosity is needed for the
handling of the semi-finished sheets. Magnesium oxide, magnesium
hydroxide and calcium oxide are typical thickening agents (Abrams,
2001; Bücheler, 2018). Fillers, most commonly calcium carbonate
(CaCO3), are generally added to the paste to reduce costs and to
improve specific properties, for example chemical or heat resistance,
dimensional stability, surface quality or shrinkage (Abrams, 2001).

Fibrous reinforcement
A standard SMC is reinforced by discontinuous glass fibres, with
a typical length of 25 mm to 50 mm (Mallick, 2007; Wang et al.,
2011); the individual filaments feature a diameter between 9.5 µm
to 16 µm (Orgéas et al., 2011). Fibre mass fraction in standard SMC
formulations vary between 10 wt.% to 65 wt.% (Mallick, 2007; Orgéas
et al., 2011). Fibres are present as bundles of individual filaments,
(randomly) oriented in the plane of the sheet. The cross section of the
fibre bundles is commonly described as an ellipse with a minor axis
ranging between 60 µm to 200 µm and a major axis between 500 µm to
1000 µm (Le et al., 2008). The glass fibre volume fraction in a bundle
is 65 % on average and the remaining volume is either occupied by
sizing, entrapped air or resin (Orgéas et al., 2011). The sizing occupies
in general 1.4 wt.% to 1.8 wt.% (Feuillade et al., 2006).
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2.3.2.2 Manufacturing

Manufacturing of discontinuous fibre reinforced SMC is based on a
conventional two-step process. Firstly, all ingredients of the paste,
except the reinforcing fibres, are mixed together, and the paste is then
doctored onto a moving carrier foil on a flat conveyor belt (Figure 2.6).

Figure 2.6: SMC conveyor belt to manufacture discontinuous fibre reinforced semi-
finished SMC sheets.

The glass fibre rovings are cut and fall onto the paste layer to form
an SMC mat. With control of the speed of the conveyor belt and the
rotation of the cutting unit, the fibre length and volume content of the
SMC material can be adjusted. The SMC mat is sandwiched between
another layer of carrier foil and paste. The following calendering
aims to impregnate the fibres at a relatively low viscosity of the
matrix material. In addition, this step may dispel the entrapped
air within the sandwich. Finally, the semi-finished sheet is rolled
up and stored for maturation, which is necessary to allow the resin
to chemically thicken to facilitate handling and cutting as well as to
enable the following compression moulding step. After maturation,
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the semi-finished sheets are cut into plies (Figure 2.7a), the carrier
film is withdrawn, multiple sheets are stacked and placed inside the
preheated mould, usually with a coverage of 30 % to 70 % (Orgéas
et al., 2011) (Figure 2.7b).

(a)

(b)

Figure 2.7: Cutting (a) and compression moulding (b) of semi-finished SMC sheets.

The stacking of the charge is crucial step in manufacturing as it
may entrap air into the material. During closure of the mould, the
charge is continuously heated and forced to flow to fill the cavity
of the mould. As soon as the material touches the surface of the
heated mould, the temperature of the semi-finished material rapidly
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increases. Figure 2.8 shows the temperature-time evolution in the
surface and subsurface layers, as well as in the centreline, during com-
pression moulding of SMC. It shows that the charge surface quickly
attains the mould temperature, which, in contrast to the temperature-
time evolution on the centreline, remains relatively uniform during
the process.
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Figure 2.8: Temperature-time evolution during compression moulding process in
surface layer, subsurface layer and centreline, adapted from Mallick and Raghupathi
(1979).

Temperature increases slowly in the centreline until a curing reaction
starts, but due to low thermal conductivity, the generated exothermic
heat cannot be efficiently transferred to the surface layers, and the
temperature at the centreline peaks. At the end of the curing reaction,
centreline temperature is decreased, and equals the mould surface
temperature (Mallick, 2007). The fast increase in temperature in the
surface layers leads to a significant decrease of the material’s viscosity
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due to a breakdown of the network structure created by a thickening
reaction with MgO (Newman and Fesko, 1984) (Figure 2.9).
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Figure 2.9: Evolution of viscosity before and during compression moulding of SMC,
adapted from Mallick (2007).

These layers act as lubrication layers and exhibit significant shear
deformation (Lee and Tucker, 1987) with preferential flow of hot ma-
terial from the surface to the periphery (Newman and Fesko, 1984).
For thick charges, the viscosity significantly decreases due to the high
moulding temperature in the surface layers but viscosity remains
high in the interior layers. Hence, the semi-finished material in the
outer layers begins to flow prior to the interior layers and the surface
layers may squirt into the uncovered areas of the mould undergoing
greater extensional deformation than the interior layers. As a result,
slip at the surface of the mould may occur (Barone and Caulk, 1985).
In contrast, the core layers deform uniformly in (extensional) plug
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flow (Lee et al., 1981). Resulting from the described flow conditions,
fibre bundles in the core tend to align along the in-plane flow direc-
tion, and fibres in the shell layers may disaggregate and bend (shell-
core effect) (Figure 2.10).

Thickness direction

In-plane direction

Fibres with
arbitrary orientation

Fibres with in-plane
directional arrangement

(a)

1 mm
(b)

Figure 2.10: Fibre orientation (a) and shell-core effect (b) resulting from compression
moulding of semi-finished SMC sheets (Kim et al., 1992; Le et al., 2008).

The important degree of shear flow also results in a spreading of
fibre bundles (Mei and Piggott, 2004). Characteristic flow phenom-
ena favour anisotropic fibre orientation and fibre distribution of the
SMC composite (Lin and Weng, 1999) affecting material performance
(Watanabe and Yasuda, 1982). The degree of orientation of the fibres
increases if initial mould coverage is reduced (Advani and Tucker,
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1990). However, a significant advantage of a compression moulding
process is the low fibre attrition during processing, and fibre damage
is less severe than with other moulding techniques, such as injection
moulding (Osswald and Menges, 2012).

2.3.2.3 Development and application

Driven by an invention of Fisk (1953) to increase the viscosity of an
uncured alkyd copolymer resinous mixture, glass fibre reinforced
polyester composites originated in the early 1950s. Sheet moulding
compounds (SMC), as they are known today, date back to the end
of the 1960s. With regard to specific properties, commercial SMC
formulations are an interesting alternative to steels and aluminium
alloys (Orgéas et al., 2011).

The advantages of SMC composites are manifold (McConnell, 2007;
Stachel, 2012; The European Alliance for SMC/BMC, 2013, 2016), and
one must highlight the following, in particular:

• Economy and automation of manufacturing process
The sheet moulding compound technology stands out due to
low material and tooling costs, the opportunity for a fully auto-
mated process, and short manufacturing times.
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• Formability and functional integration
Sheet moulding compounds allow for the manufacturing of
complex 3D structures due to their high formability during
the compression moulding step, with excellent dimensional
accuracy. Co-moulding of screws and inserts can replace the
requirement of sub-assembly of different parts.

• Outstanding physical and chemical properties
Specific sheet moulding compound formulations stand out due
to their high chemical and temperature resistance, low thermal
expansion, flame retardancy and paintability.

• Time to market
The timeframe from design to production is very short for
SMC composites.

• Customisation
A sheet moulding compound and its resin formulation can be
tailored to meet special requirements in terms of mechanical,
chemical or physical material properties.

• Lightweight potential
Sheet moulding compounds offer low densities, thus low-weight
final parts, resulting in greater fuel efficiency and reduced CO2

emissions throughout the life of a vehicle, for example.

• Favourable life cycle
In terms of greenhouse warming potential in kilogram-CO2-
equivalent per functional unit, light composites outperform
steel and aluminium.

Modern industries demand structural materials that are lightweight,
but strong and versatile at the same time (The European Alliance
for SMC/BMC, 2016). Sheet moulding compounds can largely fulfil
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these requirements. Beyond the transportation sector, SMC com-
posites are applied in the electrical and electronics industry as well
as in fuses and switchgears, for example. Its mechanical integ-
rity and electrical insulation also allows for an implementation in
motor and armature insulations. The construction industry takes
advantages of the durability and design freedom that comes with
SMC. Furthermore, domestic applications, sporting equipment and
medical devices made from SMC underline the variety of possible
applications (The European Alliance for SMC/BMC, 2016).

Technical applications of SMC are manifold, but the most important
sector is the automotive industry. With an annual production of
120 000, Volvo Cars recently introduced a tailgate mainly made
of SMC and considered for a mass-production car. Following this
approach, the upper part of the divided tailgate of the Volvo XC90
was also made of SMC (Oldenbo, 2004). This application of SMC was
only the beginning of a very successful story concerning the imple-
mentation of SMC components into vehicle designs. Such designs
have continuously been improved to enhance material performance
for the needs of the automotive industry. In 2007, 227 SMC parts
manufactured and implemented in 78 different car and truck models
worldwide were officially listed (McConnell, 2008). Presently, a
quarter of the overall volume of glass fibre reinforced plastics (GFRP)
in Europe comprise the production of SMC and BMC, for a total of
274 000 tonnes (with 198 000 tonnes of SMC). It is the biggest segment
in Europe’s GFRP production. The most important market in the
automotive industry, for both SMC and BMC, is France, followed by
Germany and Italy (Witten et al., 2016).

One may think that after more than four decades in use, SMC rep-
resents a well-established technique with few new perspectives but
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the SMC segment remains a hive of activity, and recently, an im-
portant effort was made to improve the SMC manufacturing process
(Castro and Griffith, 1989; Castro and Lee, 1987) and the mechanical
performance of SMC in general. In particular, the improvement
and development of novel resin formulations led to structural and
advanced SMC composites. The historical SMC, presented in the
preceding sections and in the following referred to as standard SMC,
is based on resin formulations with a significant amount of fillers.
These fillers may decrease material costs and improve surface qual-
ity, but they also increase the material’s density and limit the fibre
volume content of the composites. Different approaches have been
presented to decrease the material’s density to values in the range of
1.2 g cm−3 to 1.3 g cm−3, for example by adding hollow glass spheres
(Oldenbo, 2004; Shirinbayan et al., 2017) or cellulose nanocrystals
(Asadi et al., 2016) to produce high-volume lightweight SMC. Re-
cently, the SMC industry has focussed on enhancing mechanical
material properties by developing advanced SMC formulations es-
pecially for the automotive industry (Lamanna and Ceprano, 2014).
Replacement of the glass by carbon fibres further enhanced the mech-
anical performance of SMC composites (Boylan and Castro, 2003;
Cabrera-Ríos and Castro, 2006). The importance of recycling also
advanced the material’s development, and the approach of repla-
cing glass with recycled carbon fibres came more and more to the
fore (Palmer et al., 2010). Carbon fibre sheet moulding compound
composites were successfully considered in the windshield surround,
inner door panels at the hinge and the front fender support on the
2003 Dodge Viper Convertible, for instance, which marked one of the
first production uses of this material (Bruderick et al., 2003). In 2004,
Menzolit Compounds International GmbH, Heidelberg, Germany,
also introduced a carbon fibre SMC recipe for automotive applica-
tions. Its advanced SMC formulation debuted on the Mercedes SLR
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Silver Arrow sports car in a three-piece scuttle panel (McConnell,
2008). With the BMW 7 series, structural carbon fibre SMC was again
successfully implemented in a production vehicle in the form of the
cross member or trunk cover, moulded from an epoxy sheet moulding
compound (Gardiner, 2016).

In today’s context, "SMC is now a much more robust material and tai-
lorable to customer needs" (citation by Tom Hilburn, vice president of
Continental Structural Plastics, Detroit, Michigan, USA [McConnell,
2007]). Recent approaches to simulate flow-induced fibre orientation
(Hohberg et al., 2017; Song et al., 2017) and the consideration of mi-
crostructural parameters to predict material behaviour and damage
(Chen et al., 2018) highlight that SMC composites continue to enjoy
great popularity in material research.

Contrary to the aforementioned advantages and despite all develop-
ments in terms of processing, composition, reinforcing fibre type and
architectures, the comparatively limited mechanical performance of
SMC, due to the finite length of the fibrous reinforcement, hindering
SMC materials’ application in highly loaded structural components.

2.3.2.4 Mechanical material properties

The following section refers to the mechanical material and struc-
tural properties of sheet moulding compounds, focussing on mono-
tonic loads at ambient temperatures. The overview starts with a
description of tensile and compressive properties, followed by flex-
ural properties. For discontinuous fibre reinforced composites in
general, of significant importance are not only the properties of the
individual components and the fibre-matrix interface, but also the
microstructure in terms of fibre volume fraction as well as the fibre
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orientation and length distribution (Fu et al., 2009). Table 2.2 lists
typical properties of a standard SMC composite considered in the
automotive industry (Orgéas et al., 2011), offering a general overview
of mechanical and thermal performance.

Table 2.2: Typical properties of a standard SMC composite for automotive applications
consisting of polyester resin, calcium carbonate (CaCO3) and 25 wt.% of glass fibres
(Orgéas et al., 2011).

Property Value
Specific mass 1.85 g cm−3

Tensile modulus of elasticity 10 GPa
Flexural modulus of elasticity 10 GPa
Tensile strength 75 MPa
Flexural strength 170 MPa
Izod impact strength 800 J m−1

Elongation at rupture 1.2 %
Thermal expansion coefficient 15× 10−6 K−1

Based on the heterogeneous microstructure, the principal factor influ-
encing mechanical material properties of SMC composites is fibrous
reinforcement, more precisely fibre orientation, length distribution
and fibre volume content (Orgéas et al., 2011). Moulding parameters
like mould temperature, moulding pressure and time have a funda-
mental impact on the material’s microstructure and thus, resulting
mechanical material properties. Garmendia et al. (1995) showed
that an increase in moulding temperature from 125 ◦C to 135 ◦C with
constant moulding pressure (14.7 MPa) elevated flexural modulus of
elasticity of a standard (low-shrink) SMC featuring a fibre content
of 25 wt.% from approximately 9.8 GPa (12 GPa) to approximately
11 GPa (13.5 GPa) and flexural strength from approximately 140 MPa
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(170 MPa) to approximately 145 MPa (190 MPa). A further increase in
moulding temperature resulted in a decrease in flexural performance
and for a mould temperature of 145 ◦C resulting stiffness was ap-
proximately 10 GPa (9.5 GPa), with a corresponding flexural strength
of approximately 125 MPa (145 MPa). Although the influence of the
moulding pressure on flexural properties was less significant, a slight
variation of flexural modulus and flexural strength appeared when
the pressure was varied (Garmendia et al., 1995). Mould closing
speed also affects material performance of SMC, and Kim and Im
(1996) reported an influence on the surface quality and mechanical
performance of SMC composites.

As generally true for fibre reinforced polymers, fibre orientation,
fibre volume content and fibre length generally influence tensile and
flexural stiffness. Glass fibre reinforced polypropylene with sheets
prepared in a wet deposition process, for example, showed a linear
increase in tensile and flexural modulus of elasticity resulting from
an increase of fibre content. From pure polymer to a fibre reinforced
laminate featuring 40 wt.% of glass fibres, moduli increased from
2 GPa to 6 GPa, independent of fibre length (Thomason and Vlug,
1996). In the same manner, tensile strength increased from approx-
imately 32 MPa to 70 MPa. The same trend was observed for flexural
strength with an increase from approximately 50 MPa to 130 MPa.
The investigated materials were characterised by an opposite trend
for failure strain (Thomason et al., 1996).

Additionally, placement of the charge has an important effect on
resulting material properties and although the fibres may be ran-
domly distributed at the beginning of moulding, fibres align in flow
direction leading to anisotropic material properties depending on
flow conditions (Boylan and Castro, 2003; Kim and Im, 1996).
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The following presents representative results that depict the
influence of fibre content as well as fibre orientation on the material
properties of SMC composites focussing only on glass fibre reinforced
SMC composites.

Tensile and compressive properties
Standard polyester or vinylester-based SMC composites reinforced
with glass fibres showed a significant positive correlation
between fibre volume content and tensile modulus of elasticity and
tensile strength.

Orgéas et al. (2011) showed that the specific tensile strength in-
creased from 2× 104 N m kg−1 to 18× 104 N m kg−1 when fibre con-
tent was raised from 10 wt.% to 60 wt.%. The investigations also
pointed out that the increase in specific modulus of elasticity from
5× 106 N m kg−1 to 1.5× 107 N m kg−1 was less significant.

Taggart et al. (1979) also reported that an increase in fibre volume
content had a significant effect on the tensile strength of a polyester-
based SMC reinforced with chopped glass fibres. The resulting
stiffness was more than twice as high (215 MPa) for a material with
65 wt.% of glass fibres, as compared to an SMC featuring only 25 wt.%
of glass fibres (90 MPa). The tensile modulus of elasticity increased
only slightly from lowest to highest fibre weight content (FWC)
(14.3 %). The same tendencies were observed for compressive loads
of the considered SMC materials. With an increase from 12.4 GPa
to 23.4 GPa, compressive modulus of elasticity was almost doubled
due to an increase in FWC from 25 wt.% to 65 wt.%. Compressive
strength, which was significantly higher than tensile strength, showed
an increase from 204 MPa to 284 MPa. For both loading cases, in-
creased FWC resulted in reduced failure strain (−20 %) for tensile
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and (−60 %) for compressive loads, from lowest to highest considered
FWC. In addition to the influence of fibre content, material properties
were characterised by significant anisotropy. Specimens extracted
perpendicular to flow featured lower stiffness and strength for both
considered loading cases (i.e. the average tensile modulus of elastic-
ity [tensile strength] decreased ≈ 17 % [≈ 30 %] for SMC featuring
25 wt.% of glass fibres and ≈ 12 % [≈ 30 %] with a reinforcement
equal to 65 wt.% of glass fibres). Compressive testing resulted in
a modulus of elasticity (strength) perpendicular to flow of 11 GPa
(162 MPa) for SMC featuring 25 wt.% and 12.4 GPa (233 MPa) for SMC
featuring 65 wt.%.

Chaturvedi et al. (1983) investigated the material behaviour of glass
fibre reinforced SMC materials featuring different fibre contents rang-
ing from 30 wt.% to 65 wt.%. Their observations indicated that no
significant fabrication-induced anisotropy was present for the low-
est FWC (longitudinal modulus of elasticity and tensile strength
were equal to 14.6 GPa and 80 MPa, transverse modulus of elasticity
and tensile strength were equal to 14.5 GPa and 83 MPa). However,
from lowest to highest FWC, tensile modulus increased significantly
(≈ 22 %). In addition, tensile strength was nearly tripled, increasing
from 81 MPa to 228 MPa. In contrast to the findings presented in
Taggart et al. (1979), failure strain increased from lowest to highest
fibre content (≈ 44 %).

Riegner and Sanders (1979) also reported an increase in tensile modu-
lus of elasticity (≈ 12 %), tensile strength (≈ 175 %) and compressive
strength (≈ 32 %) corresponding to a fibre content increasing from
25 wt.% to 65 wt.%.
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The influence of fibre content on tensile and compressive proper-
ties has also been reported by Trauth et al. (2017a) in preliminary
investigations characterising the mechanical material properties of
a vinylester-based SMC composites featuring no fillers and a fibre
weight content in the range of 41 wt.% to 61 wt.% (≈ 17 vol.% to
31 vol.%, respectively) of 25.4 mm long fibres. In addition, SMC
materials featuring a mixture of 1 in. long (25.4 mm) and 2 in. long
(50.8 mm) fibres (ratio ≈ 6:5) were characterised. A 100 % mould
coverage was realised to manufacture the SMC sheets. Specimens
were extracted with different orientations relative to the manufactur-
ing direction (movement of the conveyor belt equals 0°) to investigate
anisotropy resulting only from manufacturing of the semi-finished
material. SMC sheets were not exposed to flow during moulding.
Figure 2.11 depicts experimentally determined tensile properties in
terms of modulus of elasticity and strength. As clearly shown in
Figure 2.11 and described in Table 2.3, an increase in fibre content
enhanced mechanical material performance if the SMC material was
exposed to uniaxial tension and compression. Fibre length distribu-
tion did hardly affected material behaviour.
Although the semi-finished sheets did not flow during moulding, the
orientation of the fibrous reinforcement due to a movement of the
conveyor belt led to anisotropic mechanical material properties in the
aforementioned study.

In contrast, Chen and Tucker (1984) showed that SMC sheets manu-
factured with a 100 % mould coverage exhibited nearly planar isotrop-
ic mechanical properties.
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Figure 2.11: Tensile modulus of elasticity and tensile strength of vinylester-based glass
fibre reinforced SMC composites resulting from uniaxial tension of specimens extracted
with different orientations with respect to the movement of the conveyor belt, which
equals 0° (Trauth et al., 2017a).

Contrary to the findings presented by Trauth et al. (2017a), an in-
fluence of fibre length distribution on resulting material properties
was reported by Boylan and Castro (2003). In this extensive study,
12 different SMC formulations (unsaturated polyester-based with a
significant amount of calcium carbonate) with different fibre types
and length distributions were characterised in order to define the
effect of reinforcement type and length on the physical properties of
SMC composites. Hard and soft glass fibres (28 wt.%) with a length of
0.5 in., 1 in. and 2 in. in were considered as reinforcement. In addition,
SMC composites featuring a mix of either 0.5 in. and 1 in. or 1 in.
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and 2 in. long fibres of the individual fibre type were considered for
testing. By placing the charge in the middle or at one side of the
mould a one-dimensional (1D) or two-dimensional (2D) flow was
realised. The most important results of this study pointed out that
the tensile strength increased with increasing fibre length from 0.5 in.
to 2 in. and the performed analysis of variance showed an increase
from 65 MPa to 91 MPa. Hard glass fibres featured the highest tensile
strength (≈ 96 MPa), followed by soft glass (≈ 81 MPa). The mod-
ulus of elasticity did not significantly differ for the two glass fibre
types, but an increase from 0.5 in. to 2 in. long fibres resulted in an
increase of 15 %.

In the following, orthotropic behaviour is described by the ratio of
a property in flow direction divided by the equivalent value de-
termined perpendicular to flow. No anisotropy was observed for
material properties of SMC moulded with 2D flow in a square shaped
mould. In contrast, the tensile modulus of SMC materials forced to
flow 1D during moulding differed with respect to the orientation of
the specimen. However, no significant difference was observed for
the two considered types of glass fibres with a ratio of anisotropy
equal to 1.55 for hard and 1.6 for soft glass fibres. An increase in fibre
length from 1 in. to 2 in. led to a more significant anisotropy in terms
of tensile modulus (1.85 for 1 in. and 1.55 for 2 in. long fibres). Tensile
strength was defined by a ratio of anisotropy of 1.9 if specimens
extracted in two orthogonal directions were considered for testing.

The anisotropic material properties of SMC composites were also
stated by Kim and Im (1996). Depending on moulding parameters
(moulding temperature and mould closing speed) the tensile strength
of a bisphenol type resin-based SMC featuring 28 wt.% of glass fibres
showed a ratio of tensile strength (measured in 0° and 90° at yield
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or break) of 1.5 – 2.2. The effect was less severe for tensile modulus
of elasticity (1 – 1.2). Investigated SMC sheets featured a nominal
thickness of 3 mm and were manufactured in a flat and cross-sectional
T-shaped mould. No detailed information on charge placement and
mould coverage was given.

Taggart et al. (1979) reported, that tensile properties of SMC mate-
rials based on polyester resin with 25 wt.%, 30 wt.% or 65 wt.% of
chopped glass fibre exhibit anisotropic tensile properties in terms of
stiffness and strength resulting from flow during moulding. A ratio
of anisotropy of 1.17 and 1.2 could be determined for SMC materials
with 25 wt.% or 65 wt.% of glass fibres, respectively. The effect of
fibre orientation due to material flow was slightly more severe for
the resulting tensile strength, with a ratio of anisotropy of 1.3 for
both materials. For compressive loads, a ratio of anisotropy of 1.13
and 1.26 (SMC material featuring a fibre content of 25 wt.%) could
be determined considering materials’ stiffness and strength. For an
equivalent material featuring a higher fibre content (65 wt.%) the ratio
of anisotropy of stiffness and strength was equal to 1.89 and 1.27,
respectively. In general, the compressive strength of the investigated
SMC composites was greater than the tensile strength.

The material properties of SMC composites are generally charac-
terised by an important variation and scatter resulting from the
heterogeneous microstructure. Lamanna and Ceprano (2014) ob-
served a significant scatter of material properties of a polyester-based
SMC composite featuring 30 wt.% of glass fibres. The coefficient of
variation (CV) in terms of tensile modulus of elasticity and tensile
strength was CV = 25 % and CV = 39 %. However, a positive correla-
tion of tensile modulus of elasticity and tensile strength was observed,
indicating a preferred fibre orientation aligned with flow direction.
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In the aforementioned study, no distinction was made in terms of
orientation of the specimen during variations calculation. Consid-
ering longitudinal and transverse properties with respect to flow,
a comparable material system (polyester-based SMC with 30 wt.%
of glass fibres) featured variations of CV = 15 % and CV = 12 %,
respectively. Scatter in material properties may also be favoured due
to an extraction of the specimens considered for testing near the edges
of the sheets (Mrkonjic et al., 2015).

Recent developments in low-density SMC composites have focussed
on formulations considering hollow-glass spheres as presented by
Oldenbo et al. (2003), for example. Adding hollow glass spheres
(≈ 5 wt.%) to a standard unsaturated polyester-based SMC composite
(≈ 30 wt.% of glass fibres, 44 wt.% of CaCO3) by a simultaneous re-
duction of filler content (≈ −10 %) decreased tensile modulus of elas-
ticity of the composites (−25 % to −30 %). Whereas tensile strength
remained unchanged, compressive strength also decreased (−19 %).
With an average value of 1.6 g cm−3, the density was significantly
lower compared to that of the standard SMC material, considered as
reference by Oldenbo et al. (2003) (ρ = 1.95 g cm−3), and the presented
SMC composites offered a high lightweight potential.

Following the same approach, Shirinbayan et al. (2017) have recently
presented investigations of an SMC composite considering hollow
glass spheres to reduce material density to 1.3 g cm−3 which equals
a decrease of 30 % compared to the considered reference material in
the their study (ρ = 1.85 g cm−3).

SMC formulations dispensing with fillers have recently been investi-
gated by Trauth et al. (2018) to enhance mechanical performance and
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to increase the suitability of SMC composites for structural applica-
tions. The SMC composites were based on an unsaturated polyester-
polyurethane two-step curing hybrid resin system, featuring a fibre
weight content of 41 wt.% (≈ 23 vol.%) and a density of 1.48 g cm−3.
An initial mould coverage of ≈ 33 % and a two dimensional flow led
to planar isotropic material properties.

Flexural properties
Flexural properties of different SMC materials have frequently been
investigated by means of three- and four-point bending tests in recent
decades. The results of these investigations indicated that similar
tendencies have been observed for flexural loads as they were already
described in terms of tensile or compressive properties. In general,
flexural strength was observed to be higher than tensile strength, and
Orgéas et al. (2011), for example, reported a difference of 127 %.

Chaturvedi et al. (1983) also reported an increase in flexural strength
for SMC composites featuring 50 wt.% or 65 wt.% of glass fibres of
38 % and 20 %. For a lower fibre content (30 wt.%), flexural strength
was twice as high as tensile strength. In terms of flexural modulus
of elasticity, no significant variations were observed, except for the
highest FWC (65 wt.%). This material became slightly stiffer (12 %)
when exposed to flexural loads.

In Riegner and Sanders (1979) and Walrath et al. (1982), tensile
strength increased from 220 MPa to 403 MPa with an increasing fibre
content from 25 wt.% to 65 wt.%. In terms of flexural modulus of
elasticity, scatter in mechanical performance was more important
than the observed variations. No significant difference was examined
with respect to tensile modulus of elasticity. The investigations
revealed in a higher flexural than tensile strength. The increase
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tended to be more significant for lower fibre contents (25 wt.%: 167 %,
50 wt.%: 100 %, 65 wt.%: 78 %).

Flexural properties were less sensitive to anisotropy induced by the
movement of the conveyor belt, and anisotropy became only slightly
visible for a vinylester-based SMC composites featuring a combina-
tion of 1 in. and 2 in. long fibres. Ratios of anisotropy ranged between
0.9 – 1.3 for flexural modulus of elasticity, strength and failure strain
(Trauth et al., 2017a).

Generally, the mechanical material properties of an SMC depend
strongly on the materials’ microstructure, especially fibre orientation
and fibre content, which evolves from the manufacturing of the semi-
finished sheets and moulding. In this matter, the process-related
microstructure of an investigated SMC composite must be considered
in the characterisation of mechanical material properties, generally
defined by a significant scatter due to the heterogeneity of the ma-
terial. SMC composites commonly exhibit a tension-compression
anisotropy in terms of strength. Flexural modulus of elasticity and
flexural strength were shown to be higher than stiffness and strength
resulting from uniaxial tension or compression. Table 2.3 lists tensile,
compressive and flexural properties of different SMC composites to
provide an overview of mechanical performance and to summarise
the aforementioned studies and findings.
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2 Current state of research

2.3.2.5 Structural properties

Several attempts have been made to define the influence of testing
parameters on the resulting impact properties of SMC composites;
specifically, the geometry of the striker (Chaturvedi and Sierakowski,
1985) was highlighted to have a significant influence. In addition,
the clamping situation and the impacting energy (Chaturvedi and
Sierakowski, 1983; Khetan and Chang, 1983; Lee et al., 1999) signif-
icantly affected the impact response of SMC materials. The geom-
etry of the specimen, for example thickness (Kau, 1990; Lee et al.,
1999), the composition of the material, for example fibre length (Kau,
1990), and fibre content (Chaturvedi and Sierakowski, 1983; Dear and
Brown, 2003) were also important to consider.

Comparable to quasi-static material properties, studies on random
in-plane glass fibre reinforced polypropylene indicated that Charpy
impact strength increased with increasing fibre content (10 wt.% to
40 wt.%) from 8 kJm−2 to 28 kJm−2. An increase in fibre length from
3 mm to 12 mm also affected impact properties, and Charpy impact
strength was between 1.3 and 1.7 times higher for composites based
on 12 mm long fibres compared to a reinforcement with only 3 mm
long glass fibres (Thomason and Vlug, 1997). However, a standard
Charpy impact test does not capture the force-deflection evolution
but only measures the impact energy absorbed by the specimen (e.g.
DIN EN ISO 179, 2010). Further information of damage evolution
and energy absorption capability of a material may be gained with
instrumented puncture tests, an appropriate test setup to provide
information on the structural properties of a material at different
loading rates.
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2.3 Sheet moulding compound composites

Puncture testing of SMC composites has aroused great interest in
recent decades. Considering SMC materials as front-end panels or
structural reinforcement in the automotive industry underlines the
need for a profound understanding of the puncture properties of this
material class (Knakal and Ireland, 1986).

A first attempt to investigate the impact properties of SMC was made
in the investigations of Khetan and Chang (1983). Polyester-based
SMC composites, featuring 31 wt.% of 25.4 mm long glass fibres and
31 wt.% of CaCO3, were impacted with a steel ball, which featured
a diameter of 22.2 mm and a mass of 45.5 g, at speeds ranging from
12.5 m s−1 to 28 m s−1. The specimen was clamped on the edges
to provide an exposure area of 102× 102 mm2. Absorbed energy
significantly increased with impacting velocity, from approximately
2 J to 11 J.

Chaturvedi and Sierakowski (1983) carried out puncture tests on
polyester-based SMC, featuring a significant amount of fillers (20 wt.%
CaCO3) and reinforced by 25.4 mm long chopped glass fibres with a
fibre content of either 50 wt.% or 65 wt.%, respectively. Rectangular
specimens (150× 150 mm2) were mechanically clamped at all four
sides, resulting in an exact test specimen size of 140× 140 mm2. In a
first study, the blunt-ended cylindrical steel impactor with a diameter
of 9.7 mm and a length of 25.4 mm was accelerated and hit the centre
of the specimen with a nominal velocity ranging from 30 m s−1 to
95 m s−1. Residual tensile stiffness and strength were evaluated.
Polyester-based SMC featuring 50 wt.% of glass fibres, exhibited a
significant decrease in residual stiffness (12.9 GPa to 9.7 GPa) and
strength (137.6 MPa to 94.3 MPa) with increasing impact velocity
(from ≈ 31 m s−1 to ≈ 68 m s−1). For the same range of impact
velocity, residual stiffness decreased from 16.5 GPa to 12.4 GPa for

47
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an SMC composite featuring 65 wt.% of glass fibres, accompanied
by a drop in strength from 209 MPa to 124 MPa. The results of
mechanical performance were characterised by a definite scatter with
a coefficient of variation (CV) of between 10 % and 23 % evaluat-
ing residual stiffness and between 2 % and 20 % evaluating residual
strength, clearly indicating a heterogeneity of the material and the
effects of a very localized loading. It has to be considered that
the thickness of the considered specimens slightly varied (50 wt.%:
average thickness = 2.44 mm, CV = 2.8 %; 65 wt.%: average thick-
ness = 2.74 mm, CV = 2.0 %). The thickness variation might margin-
ally falsify quantitative results, since the thickness of the specimen is
of major importance in resulting impact properties, as mentioned in
EN ISO 6603-2 (2000), for example.

In a subsequent study by Chaturvedi and Sierakowski (1985), the
same setup and material (SMC composite featuring 50 wt.% of glass
fibres) was considered. A plane-ended cylindrical steel impactor
(diameter = 9.7 mm) with different lengths and thus masses, impacted
the specimen with a nominal energy ranging of 15 J to 52 J. The im-
pact velocity was set to realise the same impact energy with different
impactor shapes. Considering residual tensile properties, the results
suggested, that independent from impactor size, residual properties
always decreased with increasing impact energy. With a 38.1 mm
long striker, residual tensile stiffness and strength decreased from
11.4 GPa to 7.2 GPa (13 % < CV < 23 %) and from 130 MPa to 88 MPa
(10 % < CV < 16 %), respectively. If the specimens were punctured
with a 29.5 mm long striker, stiffness and strength declined from
11.8 GPa to 2.6 GPa and 146 MPa to 39 MPa.

An investigation by Kau (1990) tied in with the described findings.
Instrumented puncture tests were carried out on rectangular SMC

48



2.3 Sheet moulding compound composites

specimens (100× 100 mm2), based on an unsaturated polyester resin,
featuring a significant amount of fillers (calcium carbonate). Fibre
weight content was 25 wt.%, and fibre length was 25 mm for most
of the specimens; however, specimens with a mixture of 13 mm
and 38 mm long fibres were also considered in this investigation.
The specimens were fully clamped over a diameter of 73 mm and
punctured by a hemispherical striker with a diameter of 12.7 mm.
Puncture velocity was 2.5 m s−1. Kau’s study suggested that an
increase in specimen thickness (2 mm to 3.1 mm) led to an exponential
rise of absorbed energy (power of 2.7), which rose most extremely
if the specimen’s thickness was greater than 2.5 mm. Apart from
geometry, the composition of the SMC material itself was another
important influencing factor. A specific fast-curing SMC composite
showed a slightly higher load (47 %) and energy (170 %) compared
to a standard formulation, although characterised by a large scatter
of 11 % < CV < 20 % for measured load and 22 % < CV < 59 % for
measured energy.

Lee et al. (1999) also concluded that the thickness of the specimen
was the most important factor influencing the puncture properties of
SMC. Their investigations centred on drop weight tests on a polyester-
based SMC with a fibre content of 30 wt.%, a fibre length of 25.4 mm
and a thickness between 2.4 and 4.9 mm. Dissipated impact energy
increased from ≈ 12.5 J to ≈ 43 J from smallest to thickest simply
supported specimen, impacted by a semi-cylindrical striker, 10 mm
in diameter, and an initial impact velocity of 4.75 m s−1, resulting
in an initial impact energy of 102 J. Specimens, featuring a nom-
inal thickness of 2.4 mm, were impacted at 3.9 m s−1 with a semi-
cylindrical striker featuring a mass in the range of 2.7 kg to 4.3 kg, and
the increase in impactor mass slightly decreased dissipated impact
energy from 14 J to 12 J. A variation in impacting velocity had only a
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marginal influence on dissipated impact energy, considering a semi-
cylindrical striker and specimens featuring a thickness of 2.4 mm
(increase from ≈ 11.5 J to ≈ 13.5 J for an increase from 3.4 m s−1

to 3.9 m s−1, with a further increase in velocity leading again to
a slight decrease ≈ 13 J at 4.4 m s−1). In addition, four different
impacting tube types (cone, flat, hemispherical and semi-cylinder)
were considered, and the individual shapes of the impactor led
to different failure mechanisms with increasing dissipated impact
energy (≈ 11.5 J to ≈ 14 J) from conical to semi-cylindrical to hemi-
spherical to flat impactor. For all considered experiments, specimens
were simply supported at two ends.

Sadasivam and Mallick (2002) investigated the puncture properties
of a vinylester-based SMC, featuring a fibre content of 50 wt.% and
a fibre length of 25 mm. Square shaped specimens (100× 100 mm2)
were simply supported on a fixture containing a central opening (di-
ameter = 70 mm) and impacted with a hemispherical striker of 12 mm
diameter. Different impact energies were realised by a variation of
the mass of the impactor and the impacting height, leading to impact
velocities from 1.35 m s−1 to 2.92 m s−1. The impact energy varied
between 1.14 J and 20.2 J. Up to 5 J, no variation in residual tensile
strength was observed compared to strength values of virgin (non-
impacted) SMC specimens. At 10 J, the residual tensile strength of
polypropylene, polyethylene terephthalate and a polyisocyanurate-
based continuous random reinforced composites with fibre contents
of 30 wt.%, 35 wt.% and 40 wt.%, respectively, decreased 60 %, 62.5 %
and 65 %. With a decline of 52 % the decrease in mechanical per-
formance was less severe for the investigated SMC composites. In
addition, maximum impact load increased from 2.3 kN to 3.7 kN if
input impact energy was increased from 3.5 J to 9.5 J .

50



2.3 Sheet moulding compound composites

An investigation by Dear and Brown (2003) considered the impact
properties of two different SMC materials, based on polyester resin,
which featured 30 wt.% or 62 wt.% of 25.4 mm long glass fibres. The
results were compared to the impact properties of a polypropylene-
based glass mat thermoplastic with continuous fibre reinforcement
and a fibre weight content of 30 wt.%. Servo-hydraulic and drop
weight tests were carried out on plates (60× 60× 3 mm3), which
were simply supported on a ring (diameter = 40 mm) with a round-
nosed (hemispherical) striker (diameter = 10 mm). The drop-weight
impact tests were performed in accordance with EN ISO 6603-2 (2000)
with an impacting velocity of 4.4 m s−1. Absorbed energy was ≈ 17 J
(30 wt.%) and ≈ 22 J (62 wt.%) with the same property ≈ 12 J for the
glass-mat. With ≈ 4 kN (30 wt.%) and ≈ 6 kN (62 wt.%) peak load
was also higher compared to the glass-mat with ≈ 2 kN (Dear and
Brown, 2003).

The aforementioned studies dealt with puncture properties of SMC
composites impacted at elevated loading rates. Few efforts have been
realised to characterise the rate dependent properties of glass fibre
reinforced SMC composites.

A first attempt to characterise the rate dependence of SMC ma-
terials was realised by Trauth et al. (2018). Quasi-static and dy-
namic puncture tests were carried out on square SMC specimens
(140× 140 mm2), with a nominal thickness of 3 mm. The specimens
have been extracted either from flow or charge region of the compres-
sion moulded sheets to investigate the influence of material flow dur-
ing compression moulding (initial mould coverage of approx. 35 %
and 2D flow). The specimens were fully clamped to provide a circular
exposure area with a diameter of 100 mm. Low-velocity puncture
testing was carried out according to EN ISO 6603-2, 2000 in the form
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of instrumented drop weight-impact tests with an impact velocity of
4.4 ± 0.2 m s−1 and a hemispherical striker (diameter = 20 mm). The
study considered a glass fibre reinforced SMC (41 wt.% and 25.4 mm
long fibres) based on an unsaturated polyester-polyurethane two-
step curing hybrid resin system, the same considered for the SMC
materials characterised within this dissertation. Quasi-static puncture
tests at a velocity of 2.6 mm min−1 were carried out with a test
setup comparable to the dynamic puncture tests to investigate rate
dependence of the material. The results suggest, that the glass fibre
SMC exhibited a positive rate dependence and for elevated loading
rates, maximum force and puncture energy increased significantly for
charge (65 % and 67 %) and flow region specimens (73 % and 64 %).

2.3.2.6 Damage mechanisms

From a general point of view, SMC composites behave as anisotropic,
viscoelastic, brittle solids that undergo damage that alters mechanical
performance until final failure (rupture). The formation of new
surfaces is the dominating energy absorbing mechanism. Common
experimental methods to determine damage mechanisms and the
failure evolution of SMC materials are based, for example, on the
determination of the evolution of the material’s stiffness due to cyclic
loading (Oldenbo, 2004; Wang et al., 1983). Non-destructive test
methods, such as acoustic emission (Meraghni and Benzeggagh, 1995;
Meraghni et al., 1996; Mildred et al., 2004; Trauth et al., 2017a;
Watanabe and Yasuda, 1982) or ultrasound (Derrien et al., 2000)
successfully determined damage mechanisms and the failure evo-
lution of SMC materials. Due to the inhomogeneous distribution and
random orientation of fibres in SMC materials, which are thus char-
acterised by matrix-rich and matrix-poor areas within the composite
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(Bert and Kline, 1985), three important (microscopic) failure mech-
anisms generally result for SMC composites. If SMC materials are
mechanically loaded, damage is initiated by the formation of matrix
cracks, normal to loading direction, in matrix-rich regions, which
only contain sparsely dispersed fibres. Generally, the fibres represent
an effective barrier to the propagation and opening of individual
cracks (Aveston and Kelly, 1973). The amount of energy necessary
for a crack to propagate around the obstacle is very high, so the
formation of new cracks is favoured (Bernstorff and Ehrenstein, 1990).
Redistribution of forces, based on a transmission of shear stresses
in the fibre-matrix interface, gives rise to the formation of cracks.
Hence, the shear strength of the interface predominantly influences
the spacing between cracks in the matrix (Aveston and Kelly, 1973).
If the fibres bundles are oriented in an angle to the loading direction,
microcracks tend to grow along the interface between fibre and matrix
(debonding). As stated by Bert and Kline (1985), Wang and Chim
(1983) and Wang et al. (1983), for example, fibre-bundle or filament
fracture is rarely detected in sheet moulding compounds. On a
macroscopic scale, damage leads to a decrease in stiffness, since
each fibre contributes to the macroscopic stiffness of the composite,
but as soon as interfacial damage occurs, its contribution to global
material properties decreases (Fitoussi et al., 1998; Larbi et al., 2006).
Taking the principal failure mechanism into account, the importance
of fibre-sizing and the strength of the fibre-matrix interface in an SMC
material is clearly underlined.

Based on preceded observations, Meraghni and Benzeggagh (1995)
introduced a micromechanical model of matrix degradation and the
failure behaviour of randomly oriented discontinuous fibre compos-
ites. Failure mechanisms were classified into two distinct groups. The
first group includes damage mechanisms related to the degradation
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of the matrix, in detail initiation, coalescence and propagation of
cracks. Shirinbayan et al. (2015) have stated that propagation of
cracks into the matrix occur, but, favoured by a high fibre content,
bifurcation of existing cracks around surrounding, more disoriented
fibre-bundles and pseudo-delamination between different bundles
are favoured. The second group defined by Meraghni and Benzeg-
gagh (1995) considers mechanisms linked to interfacial decohesion
(fibre-matrix debonding) and fibre pull-out, which, combined with
pseudo-delamination, lead to final failure by coalescence of the mi-
crocracks.

The stress-strain response resulting from uniaxial tension of SMC
composite is, in general, defined by a linear stress-strain evolution in
the beginning of loading, which reflects the initially linear behaviour
of the material (Watanabe and Yasuda, 1982). No significant dam-
age occurs within this first state (Jendli et al., 2005). The second
state, characterised by a distinct ’knee-point’ in the stress-strain curve
(Chaturvedi et al., 1983), is related to the first interfacial cracks
localised on fibres, which feature an orientation of 90° to 60° with
respect to loading direction, indicating a transition from an elastic
to a plastic region of deformation (Figure 2.12). The macroscopic
non-linearity is caused by damage mechanisms occurring inside the
material (Derrien et al., 2000). Microcracks in the matrix may also
occur in matrix-rich regions, which quickly stabilise and play only a
minor role in the macroscopic damage evolution of SMC composites.
In the second stage, behind the ’knee-point’, already existing interfa-
cial cracks propagate around fibres, cracks open and grow and new
interfacial cracks are formed on less disorientated fibres and crazes
(Watanabe and Yasuda, 1982).
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Figure 2.12: Typical tensile load-elongation curves of SMC composites featuring
different fibre contents, adapted from Chaturvedi et al. (1983).

The important contribution of matrix failure to the overall damage
evolution of sheet moulding compounds has also been stated by Hour
and Sehitoglu (1993). Their experimental observations record, that
the damage volumetric strain resulting from a monotonic load was
initially zero and evolved with increasing stress due to the formation
of microcracks and fibre-matrix debonding. They concluded that the
strains in thickness direction correlated with the damage state inside
the material.

SMC featured different damage evolutions if exposed to tensile or
compressive loads. The volumetric strain due to damage induced
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in the specimen was ≈ 0 for stresses below 30 MPa in tension and
65 MPa in compression. This finding correlated with the generally
higher compressive strength of SMC composites. The magnitude of
volumetric strain was larger for compression loads (>0.01) than for
tensile loads (0.008) shortly prior to fracture. The gradual damage
evolution, resulting from uniaxial tension of SMC composites did
not exist for uniaxial compression, and the damage growth occurred
shortly before failure. Examination of fractured specimens, exposed
to compressive loads, showed that failure was mainly based on matrix
shear failure (Dano et al., 2006).

In impact situations, toughness, rather than strength, is the key factor
determining whether a material is suitable for a distinct application
or not (Hull and Clyne, 1996). Due to their brittle nature, sheet
moulding compounds are susceptible to internal damage caused by
a transverse impact or puncture load. Depending on impact energy,
damage might be barely visible at the surface (Agrawal et al., 2014).

As shown by Kau (1990), the evolving failure mechanisms resulting
from puncture loads were strongly affected by the constituents of the
material, thus fibre and matrix type and a combination of fibre pull-
out and fibre breakage has been present. With a uniform distribution
of fibre length (all fibres featuring a length of 25.4 mm) damage
consisted of an even mixture of fibre breakage and fibre pull-out.
If the mixture of fibres contained an equal number of longer (38 mm)
and shorter (13 mm) fibres, the predominant failure mechanism was
fibre breakage of the longer fibres. Resulting from the heterogeneous
microstructure the damage zone was furthermore generally irregular
with respect to the thickness of the specimen. Not only fibre length
distribution but also fibre content may affect damage, since a higher
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fibre content may lead to a larger damage zone, due to weak fibre-
matrix interfaces (Chaturvedi and Sierakowski, 1983).

An increase in impact energy increased the size of damaged zone
(Chaturvedi and Sierakowski, 1983), with damage on the rear side
being more significant (Khetan and Chang, 1983). In addition, SMC
composites exhibited hidden through-thickness damage before dam-
age became visible on the outer surface (Dear and Brown, 2003).
The greatest damage-growth and extent of damage were caused by
the smallest impactor, which featured the highest impact velocity
compared to the other impactors, at a constant impact energy level
(Chaturvedi and Sierakowski, 1985).

2.3.3 Continuous SMC composites

2.3.3.1 Manufacturing and composition

Continuous fibre reinforced polymers benefit from high fibre con-
tents and outstanding material properties. Major drawbacks include
the time- and cost-consuming manufacturing processes, which of-
fer only limited potential for automation (Lengsfeld et al., 2014).
Although prepreg compression moulding has gained importance
recently (Akiyama, 2011; Malanti, 2015), commercially available prod-
ucts are not suitable for the realisation of a local continuous reinforce-
ment.

The integration of unidirectional carbon fibre fabrics in the sheet
moulding compound (SMC) technology offers a novel approach to
manufacture unidirectional and continuous carbon fibre reinforced
polymers cost-effectively (Karcher, 2016). The adapted process is
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based on an unsaturated polyester-polyurethane two-step curing hy-
brid resin system. It enables precise control of the curing of the con-
tinuously reinforced material, which can be used to locally reinforce
structures (Bücheler and Henning, 2016). The particular characteristic
of this resin system is a two-step curing process (Figure 2.13), which
provides a chemically stable and highly viscous B-stage ideal for
cutting, preforming and handling of the prepregs prior to moulding.
First, the paste is thickened with the help of di-isocyanate, which
leads to a chemically stable and highly viscous B-stage due to chain
extension. In a second curing step, during moulding at elevated
temperatures, a radical polymerisation is performed, which allows
for fast curing and chemical bonding (Bücheler, 2018).

Figure 2.13: Chemistry and two-step curing process of the unsaturated polyester-
polyurethane hybrid resin system, according to Bücheler (2018).
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A unidirectional prepreg is fed to a slightly modified conveyor belt to
manufacture the continuous carbon fibre SMC (Figure 2.14). The vis-
cosity has to be increased during manufacturing of the semi-finished
continuous carbon fibre SMC sheets to allow for handling and cut-
ting of the semi-finished material. This increase is realised with an
additional heating and cooling unit at the end of the conveyor belt
to achieve a defined B-stage of the semi-finished material. The heat-
able tables allow for increasing the temperature of the impregnated
fabric, accelerating chemical reaction and the reduction of the viscos-
ity. The semi-finished sheets are then subsequently cooled down to
room temperature to stop this chemical reaction. At the end of the
conveyor belt, the B-staged continuously reinforced sheet is wound
onto a roll before the material may be directly compression moulded.
A compression moulded sheet of continuous carbon fibre SMC is
shown in Figure 2.15.

Figure 2.14: Modified SMC conveyor belt to manufacture continuous carbon fibre
reinforced semi-finished sheets.

59



2 Current state of research

30 mm
Figure 2.15: Compression moulded continuous carbon fibre SMC sheet.

2.3.3.2 Mechanical material properties

The considered unsaturated polyester-polyurethane two-step curing
hybrid resin system (UPPH) enables the manufacturing of continuous
carbon fibre reinforced SMC with mechanical properties comparable
to unidirectional carbon fibre reinforced polymers, manufactured in
a conventional (e.g. autoclave) process (Trauth et al., 2016). Table
2.4 lists mechanical properties of different continuous carbon fibre
reinforced polymers (unidirectional configuration), manufactured by
either a conventional autoclave or a compression moulding process.
For materials 2 – 6, the same carbon fibre (Panex35 by Zoltek) in the
form of a unidirectional prepreg tape (material 2), or a (non-crimp)
fabric in unidirectional configuration (material 3 – 6) was considered
as fibrous reinforcement. Material 6 is based on the same fibre type,
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resin system and manufacturing process as the continuous carbon
fibre SMC composite considered within the present dissertation. The
tensile modulus of elasticity and tensile strength were normalised to
a fibre volume content of 50 vol.%.

Table 2.4: Tensile properties of continuous carbon fibre reinforced polymers based
on conventional manufacturing routes (e.g. autoclave) or on compression moulding.
Depicted values of tensile modulus of elasticity (Et) and tensile strength (Rt) were
normalised to a FVC of 50 vol.%.

Material Reference Fibre prepreg Resin Manufacturing Average Average
system process norm. Et norm. Rt

in GPa in MPa
1 SGL Group, 2011 UD prepreg Epoxy Autoclave 112.3 1648
2 Zoltek, 2018b UD prepreg Not specified Not specified 108.1 1535
3 Zoltek, 2018d UD fabric Epoxy Not specified 108.2 1273
4 Karcher, 2016 Non-crimp fabric Epoxy Compression 103.5 1436

moulding
5 Karcher, 2016 Non-crimp fabric Epoxy Compression 115.5 1413

moulding
6 Trauth and Weidenmann, 2016 Non-crimp fabric UPPH Compression 109.6 1658

moulding

2.4 Hybrid composites

This section starts with a definition of hybrid composites. It high-
lights the motivation to develop and apply hybrid composites and
presents methods to evaluate a hybridisation effect. The descrip-
tion of the state of research focusses only on hybrid polymer-based
composites. Different kinds, for example fibre-metal-laminates,
are not considered. It ends with an overview of concepts of hybrid
SMC composites.
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2.4.1 Definition, motivation and development
of hybrid composites

According to Summerscales and Short (1978), a hybrid composite is
defined as a macroscopically heterogeneous material consisting of a
matrix and at least two different reinforcing fibre types. Hybrid com-
posites are most frequently realised in the form of a laminate (Kaw,
2005). For this purpose, as depicted in Figure 2.16, three different
types of hybrid (polymer) composites can be classified (Swolfs et al.,
2014). For an interlayer configuration (Figure 2.16a), individual layers
reinforced by different fibre types are stacked (Summerscales and
Short, 1978; Yu et al., 2018). An intralayer hybrid (Figure 2.16b) is
based on a combination of different fibres within one layer, and if
mixing is realised on fibre level, an intrayarn hybrid can be created
(Figure 2.16c) (Yu et al., 2015, 2018).

(a) (b) (c)

Figure 2.16: Main configurations of hybrid composites: interlayer (a), intralayer (b) and
intrayarn (c) (Swolfs et al., 2014).

A recent description of hybrid composites differentiates three groups.
In addition to the aforementioned combination of at least two differ-
ent fibre types, a second group involves a hybridised matrix. The
third way to form a hybrid composite can be realised by hybridising
the matrix and the reinforcing material (Mészáros, 2018).

Hybridisation of polymer-based composite materials was an impor-
tant field of research until the late 1980s, driven especially by the
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high material and manufacturing costs of carbon fibre composites
and the objective of replacing expensive carbon fibres with cheaper
fibres while maintaining the material properties as well as possible
(Hardaker and Richardson, 1980; Kretsis, 1987). Furthermore, as
pointed out by Manders and Bader (1981), hybrid composites were
a promising approach to increase failure strain by combining low-
(brittle) and high-elongation (ductile) fibres within one composites.
Hybridisation, hence, aimed to shift the brittle failure of low elon-
gation (brittle) fibres, such as carbon or graphite, to a more ductile
and gradual failure by combining them with a fibre type featuring a
higher elongation in the same matrix.

The interest in hybrid composites faded slightly due to a price reduc-
tion of carbon fibres and the development of more precise analytical
methods to predict the mechanical behaviour of composites, but
this interest has been renewed by today’s wider range of materials
and processing technologies. Nowadays, the motivation to create
and apply hybrid composites in different technical applications is
not only cost reduction but also the ability to tailor the properties
of a composite in terms of stiffness, strength, fatigue life or im-
pact resistance, for example. In addition, to counteract the brittle-
ness of especially unidirectionally carbon fibre reinforced polymers,
damage tolerance may be increased due to pseudo-ductility realised
by adding ductile fibres. Czél et al. (2015) and Czél and Wisnom
(2013), for example, developed an advantageous composite, based
on glass and carbon fibres, and have presented an approach and
material architecture to overcome the inherent brittleness and un-
stable failure characteristic of conventional high-performance uni-
directional composites. It exhibited a more ductile failure character-
istic. Pseudo-ductility has also been obtained in intermingled hybrid
composites (Yu et al., 2015).
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Recently, different approaches to hybridise composites have been
presented. However most work considered combinations of different
fibre types in a continuous configuration within the same matrix. The
most important recent work was summarised by Swolfs et al. (2014)
and Sathishkumar et al. (2014). Only a few studies exist that focus on
the combination of continuous and discontinuous fibres to realise a
hybrid composite. Selmy et al. (2011), for example, investigated the
mechanical properties of hybrid composites consisting of differently
stacked unidirectional or random glass fibre reinforced layers, and
they have pointed out that hybrid composites show enhanced tensile
properties compared to the pure discontinuous glass fibre reinforced
reference. Tensile modulus of elasticity increased by approximately
54 % to 85 %, depending on the volume fraction of the randomly rein-
forced component. The stacking sequence had a significant influence
on tensile strength, with only slight influence on elastic properties.
When the randomly oriented plies formed the outer layers of the
composite and unidirectionally reinforced layers were considered
within the core, tensile strength was improved (20 %) in comparison
to a hybrid composites with the opposite arrangement. Selmy et al.
(2011) attributed this behaviour to a better load transfer from the
weak exterior layers, resulting in improved crack arrest mechanisms
by the interior layers reinforced with stronger fibres. In addition,
flexural modulus of elasticity and flexural strength increased as the
relative volume fraction of unidirectional fibres increased. By placing
the unidirectionally reinforced layers at the surface of the composite
and the randomly oriented plies in the core, flexural strength in-
creased (25 %) in comparison to composites with the opposite ar-
rangement. Additionally, hybrid composites with unidirectionally
reinforced surface layers featured a higher flexural modulus of elas-
ticity. In a subsequent study, Selmy et al. (2012) have showed that in-
plane shear properties in terms of shear strength and shear modulus
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of a unidirectional fibre reinforced composite could be considerably
improved by incorporating of randomly glass fibre reinforced layers,
forming hybrid composites. Stacking sequence also influenced shear
properties. With randomly glass fibre reinforced layers placed in the
core of the laminate and unidirectionally fibre reinforced layers at the
surface, shear strength was improved by about 22 % in comparison to
a hybrid composite laminate with the opposite arrangement. Selmy
et al. attributed this increase to improved crack-arrest mechanisms
resulting from the interior layers. A combination of random, chopped
glass fibre reinforced layers with layers featuring a unidirectional
continuous fibrous reinforcement (based on polyamide fibres) also
enabled the achievement of high ductility due to the polyamide fibres
combined with high stiffness and strength resulting from the glass
fibres. However, depending on layup, negative hybridisation effects
were also observed (Selmy, 2018).

2.4.2 Evaluation of hybridisation effects

Different approaches have been presented in literature to evaluate a
hybridisation effect. Basically, the possible resulting properties of a
hybrid material, which reflects those of the individual components,
have already been presented in section 2.1 and are depicted in Figure
2.3. The following section sums up the suitable ways to evaluate a
hybridisation effect considering an interlayer, intralayer or intrayarn
hybridisation of different fibre types to create a hybrid composite.

A first definition, by Hayashi (1972), was based on the enhancement
of the failure strain of a hybrid composites. However, the introduced
method has been controversially discussed (Summerscales and Short,
1978). Another possibility to evaluate a hybridisation effect is to
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determine whether properties show a positive or negative deviation
from a (linear) rule of mixtures considering a distinct property (Figure
2.17) (Marom et al., 1978; Summerscales and Short, 1978).

Property Property

0% 100%Material 1
Material 2 100% 0%

Negative hybridisation effect

Positive hybridisation effect

Rule of mixtures

Figure 2.17: Hybridisation effect evaluated due to a deviation from the rule of mixtures,
adapted from Swolfs et al. (2014).

This approach has several distinct disadvantages. Firstly, every rule
of mixtures is based on a certain parameter to define the ratio of
each individual component in a hybrid composite. As pointed out by
Phillips (1976), it is extremely important to choose the right parameter
for successful predictions. Secondly, the rule of mixtures is not linear
for all mechanical properties, and the strength of hybrid composites
rather follows a bilinear rule of mixtures, for example (Manders
and Bader, 1981). Considering flexural stiffness, for instance, the
stacking of differently reinforced layers significantly influences the
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resulting mechanical properties and has therefore been considered
for an analytical approach. More advanced theories, such as the
classical laminate theory (CLT), are more suitable in this case.

For the sake of easy applicability, the evaluation of an effect of
hybridisation (EoH1) in terms of a deviation from the rule of mixtures
is nevertheless frequently considered (Selmy, 2018; Swolfs et al., 2014)
and is

EoH1 =
Phyb

PRoM
, (2.2)

with PRoM being the analytically predicted value of a distinct property
P by applying a rule of mixtures (Figure 2.17) and Phyb being the
property of the hybrid composite. However, as mentioned in the
preceding section, a rule of mixtures approach is not suitable for
every property of a composite and the application of the EoH1 must
be implemented conscientiously.

In general, and as described by Yahaya et al. (2014), an effect of
hybridisation (EoH2) can also be defined by an increase of distinct
property of the hybrid material (Phyb) with respect to an individual
component (material 1 or material 2) of the hybrid as reference
(Pre f ) with

EoH2 =
Phyb

Pre f
, (2.3)

with Phyb and Pre f being the property of the hybrid and reference
material, respectively (Figure 2.18).
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Figure 2.18: Hybridisation effect evaluated due to an increase of elongation at failure
and strength, adapted from Swolfs et al. (2014).

2.4.3 Existing concepts of hybrid SMC

Early attempts to realise a hybrid SMC with unidirectionally continu-
ous fibre reinforced surface layers and randomly oriented chopped
fibres in the core date back to Taggart et al. (1979). Glass fibres were
considered for the fibrous reinforcement, and the weight content of
the continuously and randomly reinforced components were 20 wt.%
and 30 wt.%, respectively. The unidirectional reinforcement in the
surface plies led to a significant increase of the material’s stiffness and
strength in the surface fibre direction. The transverse tensile modulus
of elasticity and strength were not significantly affected. The same
trends have been observed for compressive loads (Table 2.5).
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Table 2.5: Tensile and compressive properties of three different polyester-based SMC
materials reinforced with glass fibres, SMC-25: 25 wt.% of randomly oriented glass
fibres, SMC-65: 65 wt.% of randomly oriented glass fibres, SMC-C20/R30: 20 wt.%
continuously oriented glass fibres in the surface and 30 wt.% of randomly oriented
glass fibres in the core (Taggart et al., 1979).

Property SMC-25 SMC-65 SMC-C20/R30
Longitudinal tensile modulus of elasticity in GPa 14.5 16.6 32.5
Transverse tensile modulus of elasticity in GPa 21.4 13.8 14.9
Longitudinal tensile strength in MPa 90 215 375
Transverse tensile strength in MPa 68 163 96
Longitudinal compressive modulus of elasticity in GPa 12.4 23.4 20.3
Transverse compressive modulus of elasticity in GPa 11.0 12.4 11.9
Longitudinal compressive strength in MPa 204 284 407
Transverse compressive strength in MPa 162 223 171

Following the same approach and manufacturing process, hybrid
SMC containing continuous as well as chopped glass fibres based on
vinylester and filled with calcium carbonate have been investigated
by Sridharan (1982). A modified conveyor belt enabled the addition
of a layer of continuous (C) fibre rovings on the top of a layer of
randomly (R) oriented chopped fibres (intralayer hybridisation) to
manufacture the hybrid SMC (Figure 2.19).

A combination of numerous semi-finished sheets allowed for the
realisation of different combinations in terms of the nominal weight
content of the continuous and discontinuous components. The results
of experimental characterisation, depicted in Figure 2.20, indicate that
the continuous fibres contributed significantly to an increase in the
stiffness and strength of the hybrid SMC composite if loaded in fibre
direction of the continuous component.
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Continuous strand roving Chopper

Resin paste

Carrier film

Chopped fibres
Carrier film

Compaction rollers

Take-up roll

Resin paste

Figure 2.19: Schematic SMC line to manufacture hybrid SMC in Sridharan (1982),
adapted from Mallick (2007).
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Figure 2.20: Tensile modulus of elasticity and tensile strength of hybrid continuous-
discontinuous SMC composites with 0° parallel to fibre direction of the continuous
component. ’C’ and ’R’ indicate the fibre weight content of the continuous (C) and
discontinuous (R) component, respectively: configuration 1: SMC-C60R5; configura-
tion 2: SMC-C45R20; configuration 3: SMC-C40R25; configuration 4: SMC-C30R35;
configuration 5: SMC-C15R50; configuration 6: SMC-R65. Materials 1,2,4 and 6 were
manufactured according to the process described in Figure 2.19, while materials 3 and
5 were commercially available (Sridharan, 1982).
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Although the aforementioned investigations successfully demonstrated
the positive effect of hybridisation of SMC composites by means
of combining discontinuous and continuous fibres, further studies
related to hybrid SMC materials date back no more than a few years.

A slightly different hybridisation approach was presented by Cabrera-
Ríos and Castro (2006), based on a combination of layers of chopped
glass and carbon fibres reinforced semi-finished SMC sheets on a
ply-per-ply basis prior to moulding (interlayer hybridisation). The
objective of this study was to characterise the effect of improvement
of mechanical material performance based on a (partial) substitution
of the glass by carbon fibres. The semi-finished chopped glass or
carbon fibre SMC materials were based on a vinylester resin system
and contained 25.4 mm long fibres with a fibre weight content of
50 %, respectively. The charge, consisting of differently stacked glass
and carbon fibre reinforced semi-finished sheets (Figure 2.21), was
placed in the centre of the mould, leading to randomly oriented
fibrous reinforcement. From all glass (configuration d) to all carbon
(configuration h) relative tensile modulus and relative tensile strength
increased significantly (100 %, 150 %). For the same number of carbon
and glass fibre reinforced plies, the stacking sequence significantly af-
fected the relative tensile strength, and the best results were obtained
if the two carbon fibre plies were placed in the middle of the stack.
Considering two carbon and two glass fibre plies (configuration a,
b and c), the best performance in terms of relative tensile strength
was obtained while placing the two carbon fibre plies in the middle
of the stack (a ≈ 10 MPa g−1, b and c ≈ 8 MPa g−1). In terms of
relative tensile modulus of elasticity, no influence was observed, and
configurations a – c ranged within ≈ 14 GPa g−1 to ≈ 16 GPa g−1. For
configurations e – g no significant variations were observed in terms
of relative tensile modulus of elasticity, which showed a slight, but not
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significant increase from ≈ 15 GPa g−1 (e) to ≈ 20 GPa g−1 (g). Rel-
ative tensile strength was highest for configuration f (≈ 11 MPa g−1)
followed by g (≈ 10 MPa g−1) and e (≈ 7 MPa g−1). As the number of
carbon fibre plies increased (configuration e, f and g), relative flexural
strength increased from ≈ 2 MPa g−1 to ≈ 52 MPa g−1. Flexural
strength was equal to ≈ 25 MPa g−1, 30 MPa g−1 and ≈ 38 MPa g−1.

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 2.21: Stacking sequences to realise a hybrid SMC considered by Cabrera-Ríos
and Castro (2006), a – c: 2 plies carbon and 2 plies glass fibre SMC; d: all plies glass
fibre SMC; e: 3 plies glass and 1 ply carbon fibre SMC; f: 2 plies carbon and 2 plies
glass fibre SMC; g: 1 ply glass and 3 plies carbon fibre SMC; h: all plies carbon fibre
SMC.

Figure 2.22 depicts a hybrid SMC sheet compression moulded with
alternating discontinuous glass and carbon fibres plies manufactured
within the framework of the International Research Training Group
(IRTG, GRK 2078), following the same manufacturing approach as
reported by Cabrera-Ríos and Castro (2006).

72



2.4 Hybrid composites

30 mm

Figure 2.22: Hybrid glass/carbon fibre reinforced SMC sheet in interlayer configuration
based on stacking of chopped glass and carbon fibres reinforced semi-finished sheets
prior to moulding and manufactured within the framework of the IRTG (GRK 2078).

Following a continuous-discontinuous hybridisation approach, a re-
cent publication by Wulfsberg et al. (2014) dealt with the combina-
tion of chopped glass fibre SMC, reinforced with a pre-impregnated
carbon fibre woven or unidirectional fabric as core layer in a single-
stage compression moulding process (Figure 2.23). The continuous
as well as the discontinuous material were based on an unsaturated
polyester resin featuring a significant amount of fillers to meet the
requirements of fire safety and flame retardancy of the aerospace
industry. Considering the pure discontinuous glass fibre reinforced
SMC composite, which featured a fibre content of either 25 wt.% or
50 wt.%, as reference, the unidirectional or woven carbon fibre fabric
generally increased tensile and flexural modulus of elasticity as well
as tensile and flexural strength, as depicted in Figure 2.24. Due to
the positioning of the continuous reinforcement in the core of the
laminate, the increase of flexural properties was less distinct.
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Figure 2.23: Process cycle to combine discontinuous chopped glass fibre SMC with a
pre-impregnated carbon fibre fabric (Wulfsberg et al., 2014).
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Figure 2.24: Tensile and flexural modulus as well as tensile and flexural strength of
hybrid SMC investigated in Wulfsberg et al. (2014) considering different configurations:
1: discontinuous glass fibre SMC (25 wt.%); 2: discontinuous glass fibre SMC (50 wt.%);
3: discontinuous glass fibre SMC (25 wt.%) combined with woven carbon fibre fabric;
4: discontinuous glass fibre SMC (50 wt.%) combined with woven carbon fibre fabric;
5: discontinuous glass fibre SMC (25 wt.%) combined with unidirectional carbon fibre
fabric; 6: discontinuous glass fibre SMC (50 wt.%) combined with unidirectional carbon
fibre fabric, only average values were published.
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Charpy impact strength was also influenced by the additional woven
or unidirectional fabric, increasing up to ≈ 37 % if glass fibres were
considered in the surface plies (25 wt.%). A higher fibre content in the
surface plies decreased the reinforcing effect to ≈ 10 % with a woven
carbon fibre fabric and was also negative, if unidirectional carbon
fibre fabrics were considered as reinforcing component (≈ −20 %).
Taking up the results on promising material behaviour, further stud-
ies on automated and cost-efficient production (Fette et al., 2016) as
well as methods for computing (Fette et al., 2017) have recently been
presented by the same research group. However, major drawbacks of
the considered hybridisation approach include the high material and
manufacturing costs of the pre-impregnated unidirectional or woven
carbon fibre fabric.

In 2015, Gortner et al. analysed the combination of a standard SMC
composite based on an unsaturated polyester resin reinforced by
glass fibres (chopped, 30 wt.%) and dry textile preforms in a ±45°
non-crimp fabric configuration, made from either glass or carbon
fibres, considered as surface plies. The discontinuous material fea-
tured fillers and the density was 1.73 g cm−3. The discontinuously
reinforced semi-finished material and the dry textile preforms were
stacked outside the mould, to realise either a one or two-sided con-
tinuous reinforcement. The initial mould coverage was between 40 %
and 60 %. Impregnation of the textile preform took place within
the mould during compression moulding. Quasi-static mechanical
properties of the hybrid material in terms of tensile stiffness and
strength were significantly influenced by the reinforcement. A single-
sided glass fibre textile reinforcement led to an increase of tensile
modulus and strength of ≈ 45 % and ≈ 300 %, respectively. With
an increase of ≈ 65 % and ≈ 400 % of tensile modulus of elasticity
and tensile strength, a double-sided reinforcement was slightly more
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effective. A double-sided reinforcement with carbon fibre fabrics
most importantly influenced tensile properties and tensile stiffness
and strength increased 125 % and 420 %, respectively. Flexural stiff-
ness and strength were also significantly improved by a single-sided
glass fibre reinforcement. A glass fibre fabric in the lower surface
(tensile loading) led to an increase of flexural modulus (125 %) and
flexural strength (140 %). A double-sided reinforcement did not fur-
ther enhance flexural strength. However, a double-sided carbon fibre
based reinforcement had an important influence on flexural modulus,
which increased 190 % with respect to the reference. Gortner et al.
also conducted puncture tests according to EN ISO 6603-2 (2000)
with a drop tower. The increase in maximum force and maximum ab-
sorbed energy was 114 % and 106 % for a double-sided reinforcement.
Charpy impact properties could only be increased by a double-sided
reinforcement based on glass fibres (≈ 50 %). Although the presented
results were promising in terms of hybrid SMC, the quality of the
impregnation of the dry textile, which strongly depended on the
filler content and thus density of the SMC semi-finished sheets, was
a crucial factor while evaluating the resulting mechanical material
properties (Gortner et al., 2015a,b).

The International Research Training Group on the integrated en-
gineering of continuous-discontinuous long fibre reinforced poly-
mer structures aims to contribute significantly to a fundamental
understanding of combined continuous-discontinuous SMC com-
posites (CoDico SMC). Within this framework, a first study by the
author of this dissertation investigated the mechanical properties of
laminates based on a combination of continuous (Co) carbon fibre
as well as discontinuous (Dico) glass fibre SMC with different ply
arrangements. The discontinuous glass fibre SMC was based on a
vinylester resin system (type Atlac XP810X by Aliancys). No fillers
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were added to optimise structural properties. The nominal weight
content of the reinforcing glass fibres (type Multistar 272 by Johns
Manville) was set to 41 wt.%. The unidirectional carbon fibre SMC
sheets were manufactured on a laboratory-size impregnation line,
built at the Fraunhofer Institute for Chemical Technology (process
described in Karcher et al., 2015, and Karcher, 2016) and based
on a carbon fibre fabric (type Panex35 by Zoltek) and an unsat-
urated polyester-polyurethane hybrid resin system (type Daron 41
by Aliancys). The unidirectional carbon fibre SMC semi-finished
sheets featured a nominal fibre weight content of 62 wt.%. After
maturation, the Dico and Co sheets were cut into plies, stacked and
compression moulded. Two different laminates architectures with
a nominal thickness of 3 mm were realised, which differed in the
stacking sequence of the continuously and discontinuously reinforced
plies (type A: glass-carbon-glass; type B: carbon-glass-carbon, Figure
2.25). A mould coverage of 100% was realised. Tensile, compressive,
flexural and impact properties (determined with non-clamped rectan-
gular specimens in a drop tower) were investigated for the specimens,
which were extracted in 0° and 90° with regard to the orientation
of the unidirectional carbon fibres. Trauth and Weidenmann (2016)
investigated the mechanical performance of the two different hybrid
SMC laminates. For both types, a significant increase in tensile (pure
discontinuous reinforced SMC: 11±0.2 GPa, laminate A: 43±3.2 GPa,
laminate B: 83±3.5 GPa) and compressive modulus (pure discontinu-
ous reinforced SMC: 9±0.9 GPa, laminate A: 29±8.4 GPa, laminate
B: 67±12.5 GPa) as well as compressive strength (pure discontinuous
reinforced SMC: 149±19.3 MPa, laminate A: 290±81 MPa, laminate
B:420±29 MPa) was observed. For each property, the increase was
proportional to the fraction of continuous carbon fibre SMC. Flexural
modulus of elasticity was only significantly increased for laminate B
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with continuously carbon fibre reinforced outer layers (pure discon-
tinuous reinforced SMC: 7±0.8 GPa, laminate A: 10±0.7 GPa, lamin-
ate B: 71±2.9 GPa). Flexural strength increased for both hybrid SMC
configurations (pure discontinuous reinforced SMC: 199±38 MPa,
laminate A: 384±22 MPa, laminate B: 1042±65 MPa). Considering
impact properties, no significant difference was observed for the two
investigated laminate types with respect to the reference (pure dis-
continuous reinforced SMC: 53±10.3 J m−2, laminate A: 95±8.3 J m−2,
laminate B: 123±21.6 J m−2).

10 mmtype A type B

Figure 2.25: Hybrid continuous-discontinuous glass/carbon fibre SMC laminates,
featuring different stacking sequences. Type A: continuous carbon fibre reinforced
face sheets and discontinuous glass fibre reinforced core, type B: discontinuous glass
fibre reinforced face sheets and continuous carbon fibre reinforced core (Trauth and
Weidenmann, 2016).

The aforementioned studies highlighted a positive effect of hybridis-
ation of SMC on resulting mechanical material properties. Neverthe-
less, little information was given on challenges of manufacturing. As
demonstrated by Mallick (1986), flow of the semi-finished material
during compression moulding, which is important to fill the mould
and to reduce the amount of entrapped air, led to severe misorienta-
tion of the continuous fibres in hybrid SMC. For his investigations,
SMC sheets, based on vinylester resin, were manufactured on a
modified conveyor belt, as depicted in Figure 2.19. The fibre content
of the continuous and the chopped, 25.4 mm long glass fibres were 40
and 30 wt.%, respectively. Rectangular-shaped semi-finished sheets
were stacked to realise a (C-R)/(C-R)(R-C)/(R-C) layup. The initial
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mould coverage was decreased from the reference value of 88 % to
characterise the influence of material crossflow during moulding on
resulting fibre orientation of the continuous material. In the reference
sheet little evidence of fibre misorientation was present. Severe
misorientation of the continuous fibre (as large as 15° to 20°) resulted
from more important crossflow due to a lower mould coverage. The
tensile strength of the resulting hybrid material was severely affected
by the fibre misorientation of the moulded sheets. A deviation in
fibre orientation of 5° with respect to loading direction decreased the
average tensile strength from 524 MPa (reference sheet) to 333 MPa.
In addition, failure modes of the hybrid SMC changed from tensile
failure of the fibres for misorientation angles less than 5° to inter-fibre
shear for larger angles. For a fibre orientation close to 90°, matrix
failure was the predominating failure mechanism.

Corbridge et al. (2017) have reported comparable results. Epoxy-
based advanced SMC composites (reinforced by chopped carbon
fibres 57 vol.%) and epoxy-based unidirectional prepregs (53 vol.%)
were combined in a one-shot compression moulding process, and
distortion of the continuous component resulting from co-moulding
was analysed. Results pointed out, that fibre misalignment could
be reduced by increasing the degree of cure of the continuous re-
inforcement prior to moulding. Flexural stiffness, determined by
four-point bending tests, could be increased from 47 GPa of the pure
discontinuously reinforced sheet to 74 GPa of the hybrid SMC sheets,
both of which manufactured with a mould coverage of 60 %. A rule of
mixtures approach could successfully predict the resulting stiffness
of the hybrid material, which was proportional to the amount of
unidirectionally reinforced plies considered to mould the hybrid
sheets. Flow during moulding led to shearing of the unidirectional
plies, if the fibres were oriented transversely to flow direction. This
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shearing caused variations in local fibre content and fibre waviness.
Ply migration occurred for continuous fibres aligned in flow direc-
tion. It was shown, that staging the resin to 50 % cure decreased ply
distortion during moulding (Corbridge et al., 2017).

Summary of hybridisation concepts
To summarise the findings described within this section and to de-
duce research questions, Table 2.6 lists the aforementioned approaches
to hybridise SMC composites and focusses on the shortcomings of
each concept.

Table 2.6: Summary of concepts to hybridise SMC composites - hybridisation approach
and shortcomings. The following abbreviations have been considered: GF = glass fibre;
CF = carbon fibre; Dico = discontinuous; Co = continuous; UD = unidirectional.

Reference Hybridisation approach Shortcomings
Taggart
et al.,
1979

Intralayer hybridisation: UD GF
reinforced surface layers (20 wt.%,
polyester-based) and randomly
oriented short GF in the core
(30 wt.%, polyester-based).

No CF were
considered.
Variability of stacking
limited.
Local Co reinforcement
not possible.

Sridharan,
1982

Intralayer hybridisation: Placing
of parallel lines of Co GF strand
rovings on top of a chopped GF
reinforced layer to obtain a hybrid
CoDico semi-finished sheet (both
components based on vinylester).

No CF were
considered.
Variability of stacking
limited.
Local Co reinforcement
not possible.
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Reference Hybridisation approach Shortcomings
Cabrera-
Ríos and
Castro,
2006

Intralayer hybridisation:
Combining layers of chopped GF
and CF reinforced semi-finished
SMC sheets (25.4 mm long fibres,
50 wt.%, vinylester-based) in a
ply-per-ply basis to realise
different stacking sequences.

Neither Co nor local
reinforcement realised.

Wulfsberg
et al.,
2014

Interlayer hybridisation:
Combining layers of epoxy-based
Dico CF SMC and epoxy-based
UD CF prepregs in a one-shot
moulding of the hybrid stack with
variable mould coverage.

CF considered for the
Dico material.
No local reinforcement
realised.

Wulfsberg
et al.,
2014

Interlayer hybridisation:
Combination of chopped GF and
CF reinforced semi-finished sheets
with pre-impregnated CF woven
or unidirectional reinforcements
as core layers, semi-finished
material was based on
unsaturated polyester resin.

High material costs of
pre-impregnated
unidirectional or
woven fabric.
Co (or woven)
reinforcement
considered only as core
layer.

Gortner
et al.,
2015a,b

Interlayer hybridisation:
Combining layers of
unsaturated-polyester-based
chopped GF reinforced
semi-finished SMC sheets with
dry textile preforms (±45°
non-crimp fabric) made from GF
or CF.

Unsatisfactory
impregnation of dry
textile.
No local reinforcement
realised.
No unidirectional
reinforcement realised.

Trauth
and
Weiden-
mann,
2016

Interlayer hybridisation:
Combining layers of unsaturated
polyester-polyurethane-based Co
CF SMC and vinylester-based
chopped GF reinforced SMC
(featuring no fillers) in a one-shot
moulding to realise two different
hybrid laminates.

Different resin systems
for the Co and Dico
material considered.
Dico chopped GF SMC
did not flow during
moulding.
No local reinforcement
realised.
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2.5 Research questions

Standard SMC materials have been widely used for numerous
technical applications in recent decades. Manufacturing of con-
tinuous carbon fibre SMC composites, presented in section 2.3.3.1
and based on the work of Bücheler (2018), is a novel approach.
The work of Bücheler has identified that the presented manufacturing
method can overcome the shortcomings of existing concepts of hybrid
SMC composites (Table 2.6) so as to consider cost-efficient continuous
carbon fibre reinforced SMC materials to hybridise chopped glass
fibre SMC composites. In addition, locally reinforced and com-
plex multidimensional structures have been manufactured success-
fully. Based on the aforementioned work, the following research
questions arise:

Microstructure and process-induced anisotropy
As described in section 2.3.2.2, the manufacturing and especially the
compression moulding step strongly influence the fibre orientation
and fibre distribution of SMC composites. With regard to mechanical
performance, it is important to understand the influence of material
flow on resulting mechanical properties and to consider anisotropic
material behaviour depending on material composition, but more
importantly on mould design and mould coverage (section 2.3.2.4).
In this regard, open questions remain:

• How can the characteristic microstructure of the unfilled
unsaturated polyester-polyurethane two-step curing hybrid
resin-based SMC composite be described? Does it resemble to
the microstructure of conventional SMC material and exhibits
a shell-core effect and to what extent do the chosen processing
parameters influence the anisotropy of mechanical properties?
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• Which geometry of the specimens is appropriate to account for
the highly heterogeneous microstructure of SMC composites if
the same geometry has to be considered to also evaluate the
mechanical performance of continuous and hybrid continuous-
discontinuous SMC composites?

• What microstructure results due to co-moulding of CoDico
hybrid SMC materials, and what is the quality of the hybrid
CoDico SMC sheets in terms of fibre misalignment of the con-
tinuous material resulting from flow of the discontinuous com-
ponent during compression moulding?

Definition of appropriate measurement techniques
Conventional methods to measure strains in tensile or compression
tests, for example those based on extensometers or strain gauges, are
not appropriate to define a stress-strain response of highly heteroge-
neous or hybrid materials, and digital image correlation (DIC) must
be considered. Hence, this dissertation inquires the following:

• What is the best way to evaluate resulting displacement fields
accounting for a highly heterogeneous microstructure by means
of digital image correlation?

• Which techniques are most suitable to capture damage
evolution of hybrid CoDico SMC composites?

Characterising hybridisation effects and evaluation of failure mech-
anisms of hybrid continuous-discontinuous glass/carbon fibre SMC
composites
As described in section 2.4.2, evaluation of hybridisation effects is
not always straight forward. Although a rule of mixtures approach
is often considered, this strategy might not be the best solution for
every loading case (e.g. for flexural loadings). In this regard the
following questions arise:
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• What is the best way to define an effect of hybridisation of the
presented continuous-discontinuous glass/carbon fibre SMC
material?

• What effect does the presented hybridisation approach have on
coupon, structural and component properties of hybrid SMC
composites?

• Which component, either the discontinuous or continuous
SMC, dominates mechanical performance in a distinct loading
case?

Although hybrid composites do not stand out due to their general
novelty, few approaches have focussed on failure and damage evolu-
tion resulting from a mechanical loading of hybrid fibre reinforced
polymer-based materials. The failure of composites is a complex
phenomenon, based on the interaction of several different failure
mechanisms, characteristic of a special fibrous reinforcement archi-
tecture (section 2.2.2). In-situ observation techniques may enable one
to capture damage evolution to understand effects of hybridisation
on failure and to answer the following questions:

• What are the predominating failure mechanisms of the
individual components exposed to uniaxial and multiaxial
loads?

• How does damage evolution change, when SMC composites
are hybridised?

• Which component, either the discontinuous or continuous SMC,
dominates the damage evolution and failure of a distinct load-
ing case?
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3 Materials and
specimen geometries

The investigated materials within this dissertation are sheet moulding
compound composites featuring either a discontinuous (Dico), con-
tinuous (Co) or hybrid continuous-discontinuous (CoDico) fibrous
reinforcement. The following chapter details the manufacturing of
the semi-finished materials and the compression moulding of the
SMC sheets. Preparation and geometry of specimens considered for
mechanical testing are also presented.

3.1 Manufacturing of sheet moulding
compound composites

3.1.1 Composition of resin systems

The composition of the resin systems, considered to manufacture the
discontinuous glass and continuous carbon fibre SMC semi-finished
sheets, were developed at the Fraunhofer Institute for Chemical Tech-
nology (ICT) (Bücheler, 2018). Both components were based on an
unsaturated polyester-polyurethane two-step curing hybrid resin sys-
tem (UPPH) by Aliancys, reinforced with either chopped glass fibres
or a non-crimp fabric made from carbon fibres in a unidirectional
configuration. No fillers were added to the resin system, and the
detailed compositions are listed in Tables 3.1 and 3.2.
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Table 3.1: Resin components and fibre type of discontinuous glass fibre SMC.

Component Product name Supplier Parts
UPPH resin Daron ZW 14141 Aliancys 100
Release agent BYK 9085 BYK 2.0
De-airing BYK-A-530 BYK 0.5
Inhibitor pBQ Fraunhofer ICT 0.3
Peroxide Trigonox 117 Akzonobel 1.0
Thickener (Isocyanate) Lupranat M20R BASF 19.5
Fibre Multistar 272 Johns Manville 41 wt.% (nom.)

Table 3.2: Resin components and fibre type of continuous carbon fibre SMC.

Component Product name Supplier Parts
Resin Daron AQR 9001 Aliancys 100
Release agent BYK 9085 BYK 2.0
Impregnation additive BYK 9076 BYK 3.0
Inhibitor pBQ Fraunhofer ICT 0.3
Styrene Mono Styrol BASF 2.9
Peroxide Trigonox 117 Akzonobel 1.0
Thickener (Isocyanate) Lupranat M20R BASF 25.0
Accelerator BorchiKat 0243 Borchers 0.17
Fibre PX3505015W-13 Zoltek 60 wt.% (nom.)
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3.1.2 Manufacturing of semi-finished sheets

Manufacturing of the discontinuous glass fibre reinforced SMC start-
ed with mixing of the resin components listed in Table 3.1 (except the
fibres) in a vacuum. The semi-finished materials were manufactured
on a flat conveyor plant, type HM-LB-800 by Schmidt and Heinz-
mann, at the Fraunhofer ICT in Pfinztal, Germany (Figure 3.1). In
the first part of the conveyor belt, the resin was deposited onto a
polymeric carrier film. Continuous glass fibres, type Multistar 272 by
Johns Manville, were cut to a length of 25.4 mm in a cutting unit, and
the fibre bundles were dropped onto the paste layer (Figure 3.2a).
Covered with a second polymeric film and resin, the sandwich or
SMC mat was calendered, rolled up, and matured for at least 3 days
at 18 ◦C. Maturation aimed to increase the viscosity of the compound
to facilitate cutting and handling.

Figure 3.1: SMC manufacturing line at Fraunhofer Institute for Chemical Technology,
ICT (image provided by Fraunhofer ICT).
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In order to manufacture the continuous carbon fibre SMC, the resin
components listed in Table 3.2 were mixed into two separate com-
ponents, which were first combined by pouring them into the doctor
box. This special manufacturing step was necessary because the two
components react as soon as combined. A continuous reinforcement
was achieved by feeding a unidirectional non-crimp fabric, type
PX3505015 by Zoltek, to the conveyor belt (Figure 3.2b). Heatable
tables at the end of the conveyor belt allowed for increasing the tem-
perature of the impregnated fabric, to improve impregnation and to
start curing. The semi-finished sheets were then again subsequently
cooled down to room temperature to stop this chemical reaction
(Bücheler, 2018). In a final step, the semi-finished sheet was wound
onto a roll before being cut and prepared for moulding.

Within this dissertation, the non-moulded sheets are referred to as
semi-finished material or semi-finished sheets.

(a) (b)

Figure 3.2: Feeding of fibrous reinforcement to the conveyor belt: chopped glass fibres
(a) or unidirectional non-crimp carbon fibre fabric (b) (images provided by Fraunhofer
ICT).
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3.1.3 Manufacturing of compression moulded sheets

After maturation, the semi-finished SMC sheets were cut into plies,
stacked and compression moulded at approximately 150 ◦C, 2500 kN,
and 112 s mould closing time on a press by Dieffenbacher (type
COMPRESS PLUS DCP-G 3600/3200 AS).

One-dimensional (1D) flow sheets, made from discontinuous glass
fibre SMC or continuous-discontinuous glass/carbon fibre SMC, were
manufactured by placing the discontinuous charge in the middle of
the rectangular-shaped mould (Figure 3.3) with a mould coverage of
approximately 35 %, forcing the discontinuous component to flow in
one direction (Figure 3.5a).

800 mm

25
0

m
m

Charge region
Flow region

0°

90°

Figure 3.3: Rectangular-shaped mould to compression mould 1D flow SMC sheets;
grey section indicates charge region.

A two-dimensional (2D) flow was implemented by placing the charge
of discontinuous glass fibre SMC in the middle of a square-shaped
mould, with a mould coverage of approximately 35 % (Figure 3.4).
The discontinuous glass fibre SMC sheets featured a nominal thick-
ness of 3 mm.
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458 mm

45
8

m
m

0°

90°

Flow region

Charge region

Figure 3.4: Square-shaped mould to compression mould 2D flow SMC sheets; grey
section indicates charge region.

Hybrid continuous-discontinuous glass/carbon fibre SMC sheets were
manufactured by placing the stack, which consisted of one layer of
the continuously reinforced semi-finished material on bottom and
top, combined with either 6 or 7 core layers of discontinuous glass
fibre SMC in the middle of the mould. This enabled the realisation
of a symmetric hybrid CoDico SMC laminate with a total nominal
thickness of 3 mm. The face layers featured a thickness of approx-
imately 0.33 mm each. The discontinuous component flew during
moulding between the continuous carbon fibre reinforced sheets to
fill the mould (Figure 3.5b).

Continuous carbon fibre SMC sheets were also compression moulded
within the rectangular-shaped mould; however, the mould coverage
was 100 % and the semi-finished material did not flow. The nominal
thickness of the continuous carbon fibre sheets was 1 mm, 2 mm or
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3 mm to account for the various specimen geometries considered for
mechanical testing.

Dico GF SMC
Co CF SMCmould

(a)

(b)

Figure 3.5: Schematic illustration of compression moulding of discontinuous glass fibre
SMC sheets (a) and hybrid continuous-discontinuous glass/carbon fibre SMC sheets
(b).

In the following, the term sheet, plaque, SMC material or composite
refers to the compression moulded final part. Figure 3.6 shows the
three different materials investigated within this dissertation.

10 mm

Figure 3.6: From bottom to top: continuous carbon fibre SMC, discontinuous glass
fibre SMC and hybrid continuous-discontinuous glass/carbon fibre SMC.
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3.1.4 Manufacturing of pure resin sheets

Manufacturing of pure unsaturated polyester-polyurethane two-step
curing hybrid resin sheets was carried out in collaboration with the
Institute of Production Science at Karlsruhe Institute of Technology
(KIT), the Fraunhofer ICT in Pfinztal Germany, Loredana Kehrer (In-
stitute of Engineering Mechanics [ITM], KIT) and Michael Schober
(Institute for Applied Materials [IAM] - Computational Material Sci-
ence [CMS], KIT and Fraunhofer Institute for Mechanics of Materials
[IWM], Freiburg, Germany) within the framework of the IRTG. The
pre-thickened resin (Figure 3.7), consisting of the components listed
in Table 3.1, which were mixed under vacuum, was compression
moulded at the Institute of Production Science at KIT, with a mould-
ing temperature of 145 ◦C at 2000 kN and 90 s mould closing time
(press: Lauffer type RP 400).

Figure 3.7: Pre-thickened unsaturated polyester-polyurethane hybrid resin prepared
for moulding of a pure resin sheet (image provided by Michael Schober, IAM CMS
and Fraunhofer IWM).
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3.1.5 Manufacturing of demonstrator part

Within the framework of the International Research Training Group
on the integrated engineering of continuous-discontinuous long fibre
reinforced polymer structures, a special reference structure as demon-
strator part was designed. It was optimised to maintain bending
loadings. For this purpose, position and geometry of local reinforce-
ment were defined by optimisation methods (Fengler et al., 2018).
The local reinforcement of the demonstrator part was implemented
by continuous carbon fibre SMC tapes in a 0°-90°-0° layup, which
were cut to a special shape and placed inside the mould. Next, three
layers of discontinuous glass fibre SMC, also cut to a particular shape
and featuring a mould coverage of ≈ 35 %, were placed on top of the
continuous carbon fibre SMC. Three additional discontinuous glass
fibre SMC sheets (rectangular-shaped, mould coverage ≈ 35 %) were
placed on top. The demonstrator part was then compression moulded
using a special insert placed inside the rectangular-shaped mould
(Figure 3.3) with a mould temperature of approximately 150 ◦C with
2500 kN and a mould closing time of 112 s. As a last step, the demon-
strator part was extracted from the moulded plaque by milling at the
Institute of Production Science, KIT. Demonstrator parts, made from
only discontinuous glass fibre SMC, were manufactured in the same
way, without considering step one and two. Geometric details of the
demonstrator part can be found in Figure 3.14.
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Step 1 Step 2 Step 3 Step 4

Figure 3.8: Steps to manufacture the demonstrator part. Step 1: Insertion of preformed
and specially cut continuous carbon fibre SMC into mould. Step 2: Insertion
of specially cut first stack of discontinuous glass fibre SMC into mould. Step 3:
Insertion of second stack of discontinuous glass fibre SMC into mould. Step 4:
Compression moulded rectangular sheet with demonstrator part (images 1–4 provided
by Fraunhofer ICT).

3.2 Specimen preparation and geometry

Specimen preparation is an important topic in accurately determining
the mechanical properties of composite materials. Specimens con-
sidered in this dissertation were extracted using water-jet or milling
technologies. However, these techniques may lead to a certain quality
of edges of the specimens. The influence of specimen preparation
and the resulting condition of the edges must be considered when
mechanical material properties are sought.

3.2.1 Water-jet cutting and milling

Specimens for experimental investigations were extracted by water
jet cutting by SNZ Schneidbetrieb GmbH, Mühlacker, Germany. The
water-jet beam featured a width between 1 and 1.2 mm. The feed
was 800 mm min−1. For sheets thicker than 3 mm the feed was re-
duced to 600 mm min−1. Cutting pressure was 3400 bar, and Gar-
net Mesh 80 (nominal diameter of abrasive medium: 0.18 mm to
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0.36 mm, throughput: 450 g min−1) was used as the abrasive medium.
Specimens were stored at room temperature (≈ 23 ◦C) for several
days before testing. No special drying treatment was carried out.
The thickness and width of each specimen was determined by three
different measurements of the two lengths in the gauge section and
by calculating the average mean value. Pure resin specimens were
extracted by milling at the Institute for Applied Materials, KIT.

3.2.2 End tabs

End tabs to protect specimens during mechanical loading were
designed, taking into account guidelines presented in Adams and
Adams (2002). For this purpose, the ends of both sides of the spec-
imens were abraded using sand paper (180-grit) to roughen the
surface. The abraded surfaces were wiped with isopropyl alcohol to
get them ready for adhesive bonding. End tabs (cut from PREGNIT
GMBE glass fibre reinforced epoxy plastic laminates by Krempel,
Vaihingen an der Enz, Germany with a nominal thickness of 1.3 mm)
were glued on the specimens. The choice of adhesive was 3M Scotch-
Weld™ Low Odor Acrylic Adhesive DP810. The acrylic was gener-
ously dispensed on the tab and SMC specimens before the tabs were
bonded on the ends of each side of the specimen and left to cure at
room temperature for at least 24 hours.

3.2.3 Specimen geometries

3.2.3.1 Tensile specimens

In order to characterise anisotropic, heterogeneous materials, such as
discontinuous SMC composites, a preliminary study was
carried out to define an appropriate specimen geometry. For this
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purpose, rectangular and dog-bone-shaped specimens were designed
according to DIN EN ISO 527-4 (1997) and DIN EN ISO 527-5 (2009)
and ASTM D3039/D3039M (2017) to evaluate and compare
mechanical properties.

The geometry of the specimens, considered for this preliminary test
– as well as the tensile testing of pure UPPH resin – are depicted
and described in Figure 3.9 and Table 3.3. All specimens made from
discontinuous glass fibre SMC featured a nominal thickness of 3 mm.
Pure resin specimens featured a nominal thickness of 2 mm.

Table 3.3: Dimensions of rectangular-shaped (R) and dog-bone-shaped (B) specimens
depicted in Figure 3.9.

Type
l

in mm
b

in mm
l1

in mm
l2

in mm
l3

in mm
b1

in mm
b2

in mm
r

in mm
R 1 200 15
R 2 200 30
B 1 80 128 229 15 25 60
B 2 80 146 246 30 50 60

Pure resin 80 110 150 10 20 60
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l3
r

l1

l2

b2 b1

(a)

200,00 mm200

15 mm

l

b

(b)

Figure 3.9: Specimen geometries for preliminary tensile tests and characterisation of
pure resin: (a) dog-bone-shaped specimen (B1 and B2) and (b) rectangular-shaped
specimen (R1 and R2).

Tensile tests, aiming to define hybridisation effects and properties of
the discontinuous glass fibre, continuous carbon fibre and continuous-
discontinuous glass/carbon fibre SMC were carried out with rectan-
gular-shaped specimens, which featured a length of 200 mm and a
width of 15 mm. The nominal thickness of specimen, h, was 1 mm
(continuous carbon fibre SMC loaded in fibre direction), 2 mm (con-
tinuous carbon fibre SMC loaded perpendicular to fibre direction) or
3 mm (discontinuous and continuous-discontinuous SMC). End tabs,
considered for all material types, had a length of 50 mm and were
tapered with a tapered section of 5 mm (Figure 3.10).
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200 mm

h

100 mm

Figure 3.10: Geometry of tensile specimen made of discontinuous, continuous and
continuous-discontinuous SMC with end tabs.

3.2.3.2 Compression specimens

Rectangular specimens were considered for compression testing (Fig-
ure 3.11), which featured a length of 100 mm and a width of 15 mm,
and they were designed according to DIN EN ISO 14126 (1999). The
nominal thickness of the specimen, h, was either 3 mm (discontinu-
ous and continuous-discontinuous SMC) or 2 mm (continuous carbon
fibre SMC in fibre direction). End tabs, considered for continuous
carbon fibre SMC and continuous-discontinuous glass/carbon fibre
SMC specimens loaded in fibre direction, were 44× 15 mm2 and were
not tapered.

15 mm

hh

12 mm
100 mm 100 mm

15 mm

Figure 3.11: Geometry of compression specimen of discontinuous, continuous and
continuous-discontinuous SMC with and without end tabs.
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3.2.3.3 Bending specimens

According to DIN EN ISO 14125, 1998, rectangular specimens were
considered for bending testing (Figure 3.12), which featured a width
of 15 mm. The nominal thickness was 3 mm. Specimens for flex-
ural testing featured different lengths (l) to realise variable span (L)
to thickness (h) ratios (L/h) with a constant overlap of ≈ 20 %.
For this purpose, continuous carbon fibre SMC specimens were also
extracted from 2 mm thick sheets to enlarge the testing matrix in
terms of the L/h ratio.

200,00 mm200

15 mm

l

15 mm

Figure 3.12: Geometry of bending specimen of discontinuous, continuous and
continuous-discontinuous SMC.

3.2.3.4 Puncture specimens

Quasi-static and dynamic puncture tests were carried out on
rectangular specimens with a side length of 140 mm, according to
EN ISO 6603-2 (2000) (Figure 3.13). Specimens featured a nominal
thickness of 3 mm.
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140 mm

140 mm

Figure 3.13: Geometry of puncture specimen of discontinuous, continuous and
continuous-discontinuous SMC.

3.2.3.5 Demonstrator part

The demonstrator part designed within the framework of the
IRTG (GRK 2078) and considered to investigate component prop-
erties, is shown in Figure 3.14. A detailed description of the geometry,
designed and optimised to maintain bending loads, can be
found in Figure 3.15.

(b) (c)(a)

Figure 3.14: Schematic drawing of demonstrator part (a), demonstrator part of
discontinuous glass fibre SMC (b) and locally reinforced demonstrator part (c).
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18 mm

180 mm

230 mm

135◦ 135◦

140◦

120◦R10

Figure 3.15: Geometry of the demonstrator part designed within the framework of the
IRTG (GRK 2078).
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4 Experimental setups, procedures
and data evaluation

The following chapter describes micro- and macroscopic character-
isation methods to investigate mechanical properties and structure-
property relationships of discontinuous, continuous and hybrid
continuous-discontinuous sheet moulding compound composites.
Starting with the investigation of the micro- and macromechanical
material properties of the individual and hybrid materials, macrome-
chanical testing is continued on structure level at different loading
rates. Finally, component tests are considered.

4.1 Characterisation strategy

Characterisation on the macroscopic scale was based on a vertical
and horizontal strategy, as depicted in Figure 4.1 and 4.2. Starting
on a coupon level, characterisation of SMC materials is carried out
to deduce micro- and macrostructural material properties. Microme-
chanical observations aim to describe the material’s microstructure
in terms of fibre length and fibre orientation distribution. In addi-
tion, a qualitative investigation of the influence of co-moulding on
the resulting microstructure is carried out. Optical observation of a
(post-mortem) specimen enables the identification of failure mecha-
nisms due to different loading cases and the architecture of fibrous
reinforcement. Characterisation at the structure level was carried
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out to deduce structural properties resulting from a specific loading
case, as well as to consider the rate effects of the investigated SMC
composites. Finally, component testing, realised on a more complex
geometry, was aimed to evaluate the effect of a local reinforcement
if CoDico SMC structures are exposed to a specific bending loading
case. Every level of characterisation is itself based on a horizontal
approach which starts by defining the material, structural and com-
ponent properties of the individual components. In a subsequent step
and by characterising the hybrid coupon, structure or component,
mechanical properties and damage mechanisms can be compared.
Suitable tools to define an effect of hybridisation are introduced to
quantify the differences in mechanical performance.

Coupon level
Individual and hybrid material

(Tensile, compression and bending tests)

Structure level
Individual and hybrid material

(Puncture tests)

Component
level

Individual and
hybrid material

(Bending tests)

Figure 4.1: Vertical characterisation strategy to investigate material, structural and com-
ponent properties of discontinuous glass, continuous carbon and hybrid continuous-
discontinuous glass/carbon fibre SMC composites.
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Characteri-
sation of

Dico SMC

Characteri-
sation of
Co SMC

Characteri-
sation of
CoDico

SMC

Evaluation
of hybridi-

sation
effect

Figure 4.2: Horizontal characterisation strategy to investigate discontinuous glass,
continuous carbon and hybrid continuous-discontinuous glass/carbon fibre SMC
composites in order to evaluate the effects of hybridisation.

4.2 Characterisation at the coupon level

4.2.1 Microstructural characterisation

4.2.1.1 Thermogravimetric analysis

To determine the (real) fibre volume content (FVC) of the discontinu-
ous and continuous SMC sheets, circular specimens with a diameter
of 20 mm were extracted from different locations of the sheets, and
a thermogravimetric analysis (TGA) was performed with a Leco
TGA701 (LECO Corporation, St. Joseph, MI, USA) at the Fraunhofer
ICT in Pfinztal, Germany. Thermogravimetric analyses generally
enable one to determine the fibre weight content by burning off the
matrix of a specimen (Equation 5.17); moreover, with the density of
the matrix material (ρM) and the fibres (ρF), the fibre volume content
of the specimen can be determined (Equation 5.18).

For the investigation of the discontinuous glass fibre SMC, the cham-
ber was heated to 550 ◦C at a heating rate of 37 ◦C min−1. This
temperature stayed constant for 2 h. For the investigation of the
continuous carbon fibre SMC, the TGA was carried out according
to the method proposed by Bücheler et al. (2016).
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4.2.1.2 X-ray micro-computed tomography

The microstructure of the SMC composites has been investigated
by means of micro-computed tomography (µ-CT). For this purpose,
some specimens were scanned in a high-resolution cone-beam indus-
trial CT System (Yxlon-CT Precision, Yxlon International CT GmbH,
Hattingen, Germany) containing an open micro-focus X-ray transmis-
sion tube with a tungsten target and a 2048 x 2048 pixel2 flat panel
detector from Perkin Elmer (Waltham, MA, USA). The acceleration
voltage was 100 kV and the tube current 0.05 mA. The scans were
acquired with a focus object distance of 31.3 mm and a focus detector
distance of 750 mm, leading to a voxel size of 8.04 µm.

4.2.1.3 Scanning electron microscopy

Selected post-mortem specimens have been investigated by means
of scanning electron microscopy (SEM) to characterise the important
damage mechanisms of SMC materials. Examinations were carried
out using a SUPRA 55 VP SEM by Zeiss, located at the Fraunhofer
ICT in Pfinztal Germany, with an angle-selective backscatter de-
tector. Some images were captured in low pressure mode (23 Pa) to
counteract charging effects. However, the standard working condition
was a vacuum.

4.2.2 Macrostructural characterisation

Macrostructural characterisation at the coupon level aimed to define
tensile, compressive and flexural properties of the discontinuous
glass fibre, continuous carbon fibre and continuous-discontinuous
glass/carbon fibre SMC composites. The highly heterogeneous mi-
crostructure of discontinuous SMC composites, combined with a
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macroscopically important heterogeneity of the hybrid material, gen-
erally complicated the prediction of mechanical properties in terms
of an appropriate displacement measurement technique. It is not
recommended to measure the modulus with strain gauges or an ex-
tensometer, since these techniques do not account for the variability of
material properties resulting from the anisotropic and heterogeneous
microstructure (Feraboli et al., 2009). Digital image correlation (DIC)
has been used extensively to define material properties and damage
evolution of composite materials (e.g. by Hild and Roux, 2006; Laurin
et al., 2012; Roux et al., 2008 or Johanson et al., 2015) and is considered
to measure displacements to define mechanical properties of the
SMC composites investigated in this dissertation. Another challenge
in characterising long fibre reinforced composites, such as SMC, is
the important scatter of material properties, especially considering
strength that arises from the heterogeneous microstructure (Shirrell,
1985). Hence, specimens with different orientation with respect to
manufacturing and flow direction are considered for mechanical
material characterisation.

4.2.2.1 Tensile tests

Tensile tests were carried out in a conditioned laboratory at 23 ◦C
on a ZMART.PRO universal testing machine by ZwickRoell, with a
load cell capacity of 200 kN according to DIN EN ISO 527-4, 1997
and DIN EN ISO 527-5 (2009). The specimens for tensile testing are
described in section 3.2.3.1. Before testing, specimens were hydrauli-
cally clamped at a clamping distance of 100 mm (unless otherwise
noted) and preloaded to level out any compressive loads resulting
due to clamping. The preload was defined according to the recom-
mendation in DIN EN ISO 527-1 (2012) and adjusted for the different
materials (Dico GF SMC, Co CF SMC and CoDico GF/CF SMC). It

107



4 Experimental setups, procedures and data evaluation

featured a load corresponding to 10 MPa for the continuous car-
bon fibre SMC tested in the fibre direction and 2 MPa for all other
specimen types. Digital image correlation was used to measure the
displacement field resulting from uniaxial tension (Figure 4.3).

Figure 4.3: Tensile test setup with stereo digital image correlation (DIC).

A 4M GOM ARAMIS three-dimensional (3D) DIC system featured an
adjustable base with two 4MP Teledyne Dalsa cameras with 50 mm
Schneider Kreuznach objectives. Lighting was realised by two light-
emitting diodes (LED) lights (16 W each) with a polarisation filter, and
thermal changes to the specimen were negligible. A gauge section
of approximately 70× 10 mm2 was considered, and technical strains
were calculated. Uniaxial tensile tests were conducted with a nominal
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loading rate of 1.8 mm min−1 (ε̇ ≈ 2× 10−4) until fracture. The frame
rate of image acquisition was 5 Hz. Tensile modulus of elasticity (Et)
and Poisson’s ratio (νt) were determined with a least squares method
according to ASTM E111 (2010) (Equation 4.10 in section 4.5) in a
strain range of 0.05 % to 0.25 %. The arithmetic mean value of the
technical strains was taken into account. Tensile modulus of elasticity
and Poisson’s ratio of continuous carbon fibre SMC specimens loaded
perpendicular to fibre direction were determined in the strain range
of 0.05 % to 0.15 %, due to low failure strains. For all specimen types,
tensile modulus of elasticity and Poisson’s ratio were evaluated for
all specimens which did not fail in the clamping region and if the
regression coefficient r2 was higher than 0.9. Tensile strength was
evaluated for all specimens which did not fail in the clamping region.
Tensile strength was defined as the maximum load sustained by the
specimen before failure (Rt). Strain at tensile strength (εR,t) and
failure strain (εmax,t) were evaluated for all specimens which failed
within the gauge section. Failure corresponded to a load drop to
0.8·Fmax with Fmax describing the preceded maximum load.

4.2.2.2 Compression tests

Compression tests were performed in a conditioned laboratory at
23 ◦C on a ZMART.PRO universal testing machine by ZwickRoell
with a load cell capacity of 100 kN according to DIN EN ISO 14126
(1999). The machine was equipped with a hydraulic composite com-
pression fixture (Figure 4.4a). The preload was defined according to
the recommendation in DIN EN ISO 527-1 (2012) and adjusted for the
different specimen types. It featured a load corresponding to 45 MPa
for the continuous carbon fibre SMC loaded in fibre direction (0°) and
2 MPa for all other specimen types. The specimens for compression
testing were described in section 3.2.3.2. Clamping distance was
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set to 15 mm and uniaxial compression tests were carried out with
a nominal crosshead displacement of 0.8 mm min−1 (ε̇ ≈ 2× 10−4)
until fracture. Displacement of the specimen was measured with a
clip-on extensometer (type MINI MFA2 Hand clamped extensometer
by Mess-& Feinwerktechnik GmbH, accuracy class 0.2 according to
EN ISO 9513) on both sides of the specimen (Figure 4.4a). This tool
enabled control of the bending of the specimen through calculation
of a bending factor (b f ) according to DIN EN ISO 14126, 1999. The
compressive modulus of elasticity (Ec) was determined with a least
squares method according to ASTM E111 (2010) (Equation 4.10 in
section 4.5) in the strain range of 0.05 % to 0.25 % with averaged
strains resulting from displacement measurement of two sides of the
specimen. It was evaluated for all specimens which did not fail in the
clamping region, if the regression coefficient r2 was higher than 0.9
and the bending factor, b f , did not exceed 0.1. Compressive strength
(Rc) was evaluated, if the specimen did not fail in the clamping region
and if the bending factor (b f ) was below 0.1 until fracture. Strain at
compressive strength (εR,c) and failure strain (εmax,c) corresponding
to a force value equal to 0.8·Fmax were evaluated for all discontinu-
ous glass and continuous carbon fibre SMC specimens which failed
within the gauge section. A slightly modified test setup (Figure
4.4b) enabled the capture of damage evolution and resulting strain
fields. For this purpose, selected tests were run in combination with a
4M GOM ARAMIS 3D digital image correlation system featuring an
adjustable base with two 4MP Teledyne Dalsa cameras with 50 mm
Schneider Kreuznach objectives. Lighting was realised by two LED
lights (16 W each) with polarisation filter, and thermal changes to
the specimen were negligible. The digital image correlation system
captured displacement fields of the front or side face of the speci-
men, and an OLYMPUS E-M5 Mark II 16MP digital camera with a
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50 mm objective additionally captured the damage evolution of some
specimens (Figure 4.4b).

(a) (b)

Figure 4.4: Compression test setup with HCCF clamping system and (a) two sided
clip-on extensometer, (b) digital image correlation system and digital camera.

4.2.2.3 Bending tests

Flexural properties were determined by three-point bending tests.
The methodology for bending testing of fibre reinforced polymers
is detailed, for example, in ASTM D7264/D7264M (2015) and DIN
EN ISO 14125 (1998). However, depending on type of reinforcement,
slightly different test setups, most importantly in terms of the dis-
tance of lower supports, are recommended. Difficulties arise mainly
due to possible shear effects in the material leading to a falsified
flexural modulus. To accommodate these effects, preliminary tests
aimed to define an appropriate test setup in terms of the distance
of lower supports. In this matter, three-point bending tests were
performed in a conditioned laboratory at 23 ◦C on a ZMART.PRO
universal testing machine by ZwickRoell with a load cell capacity
of 20 kN with rectangular specimens featuring a width of 15 mm.
The length of the specimens varied from 15 mm to 150 mm, realising
different length to thickness ratios. The distance of the lower support
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was set to a nominal distance of 12 mm, 18 mm, 24 mm or 48 mm
(Figure 4.5). Specimens were loaded with a constant crosshead dis-
placement of 1 mm min−1 according to ASTM D7264/D7264M (2015).
Three-point bending tests with a nominal distance of 96 mm and
120 mm (span-to-thickness ratio of 32:1 and 40:1) were carried out
with a loading speed to achieve a nominal strain rate ε̇ = 0.01 min−1

at the lower surface of the specimen according to DIN EN ISO 14125
(1998). Table 4.1 lists the different test setups and testing parame-
ters considered for three-point bending tests. Every specimen was
preloaded with 2 MPa. Deflection was measured with a laser mea-
surement system type opto NCDT 2300 by MICRO-EPSILON.

Table 4.1: Three-point bending test parameters.

Nom. distance Diameter of Diameter of Loading
of lower supports lower supports loading nose speed

12 mm 4 mm 7.5 mm 1 mm min−1

16 mm 4 mm 7.5 mm 1 mm min−1

24 mm 4 mm 7.5 mm 1 mm min−1

48 mm 4 mm 7.5 mm 1 mm min−1

96 mm 10 mm 7.5 mm 5.12 mm min−1

120 mm 10 mm 7.5 mm 8 mm min−1

Maximum strain at the outer surface (ε f ) and stress at the outer
surface (σf ) were determined according to ASTM D7264/D7264M
(2015) and DIN EN ISO 14125, 1998.

112



4.2 Characterisation at the coupon level

Stress (σf ) and strain (ε f ) are equal to

σf =
3FL
2bh2 (4.1)

and
ε f =

6sh
L2 (4.2)

with the applied force F, support span L, mid-span deflection s, thick-
ness h and width b of the specimen. However, Equation 4.1 and
Equation 4.2 are valid only for small deflections. If maximum deflec-
tion exceeds 0.1·L, DIN EN ISO 14125, 1998 recommends to calculate
flexural stresses and strains according to

σf =
3FL
2bh2

{
1 + 6

( s
L

)2
− 3

(
sh
L2

)}
(4.3)

and
ε f =

h
L

{
6
( s

L

)
− 24.37

( s
L

)3
+ 62.17

( s
L

)5
}

. (4.4)

Flexural modulus of elasticity (E f ) was determined with a least
squares method according to ASTM E111 (2010) in the strain range
of 0.05 % to 0.25 % (according to Equation 4.10). Strain at flexural
strength (εR, f ) and flexural failure strain (εmax, f ), defined as the
resulting strain corresponding to the point in stress-strain evolution
at which load has dropped to a 0.8 ·Fmax were also evaluated.

Additionally, damage evolution was captured for a number of se-
lected specimens with an OLYMPUS E-M5 Mark II 16MP digital
camera with a 50 mm objective. All specimens were mechanically
loaded with the same side up with respect to placement of the semi-
finished sheet in the mould.
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(a)
10 mm

(b)

Figure 4.5: Three-point bending test setup combined with DIC (a) or OLYMPUS-M5
Mark E (b).

4.3 Characterisation at the structure level

4.3.1 Quasi-static puncture testing

Quasi-static puncture tests were performed in the deformable bodies
laboratory at the University of Windsor, Canada, on an MTS Criterion
Model 45 electromechanical load frame. A lubricated (PC Waylube
68) hemispherical striker, having a diameter of 20 mm, punctured the
rectangular test specimen perpendicular to its surface with a nom-
inally uniform velocity of 2.6 mm min−1 (approx. 4.4× 10−5 m s−1)
up to a defined maximum deflection of 16 mm. A custom-made
fixture allowed for mechanical clamping of the flat, square specimen
under a metallic plate to provide a circular puncture area with a
diameter of 100 mm (Figure 4.6). The resulting force was recorded
by a load cell with a capacity of 150 kN. Displacement between the
striker and the specimen support, starting from first contact between
the striker and the test specimen, was measured by the crosshead
displacement of the MTS load frame. The test rig was designed such
that a front-surface mirror allowed for video capturing during the
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test to track damage evolution. For this purpose, a Point Grey Re-
search Grasshopper GRAS-50S5M 5.0 MP monochrome camera with
35 mm CM120 Schneider-Kreuznach lens was placed at one side of
the fixture underneath the specimen. One frame per second was
captured throughout the quasi-static loading up to the maximum dis-
placement. An external light source and an inclined mirror beneath
the specimen ensured sufficient illumination (LED light, type Source
4 WRD by Electronic Theatre Controls, Inc. with 155 W). Synchroni-
sation between the load frame and camera was established with the
Correlated Solutions VIC-Snap transistor-to-transistor logic interface
and a signal from the load frame at a user defined digital output
connected to a National Instruments USB 6221 BNC data acquisition
device.

100 mm

Figure 4.6: Test setup of quasi-static puncture testing.
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4.3.2 Dynamic puncture testing

Low-velocity impact tests, in the following named dynamic
puncture tests, were conducted at the University of Windsor,
Canada. Tests were carried out with a custom drop tower
modified to carry out instrumented impact tests according to
EN ISO 6603-2 (2000) (Figure 4.7).

Figure 4.7: Drop tower to carry out dynamic puncture tests at the University of
Windsor, Canada.

The impacting unit featured a weight of 61 kg and consisted of three
different parts, namely the crosshead, a shaft including the load cell
and a hemispherical tip with a diameter of 20 mm. During the test,
the drop weight was released at a defined height and traversed down
guide rails to impact the specimen at its centre, perpendicular to the
surface, at a nominal uniform velocity of 4.4± 0.2 m s−1. The flat,
square specimens were mechanically clamped under a metal plate to
provide a circular impact area with a diameter of 100 mm, consistent
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to the quasi-static puncture testing and shown on Figure 4.6. The test
rig was designed such that an inclined front-surface mirror allowed
for high-speed photography with a Photron SA4 camera placed on
the floor in front of the drop tower. The lighting system used was
a series of two ARRI halogen lights (1000 W). To avoid heating of
the specimen, lights were turned on only during the impacting event.
The displacement of the crosshead and force were measured with an
Acuity laser displacement transducer with a sensitivity of 30 mm V−1

and a Dytran Model 1050 Integrated Electronic Piezoelectric load
cell, respectively. The load cell featured a sensitivity of 1.04 mV/lbf
(0.234 mV N−1) and was integrated in the shaft of the striker to ensure
a measurement of the impact load very close to the location of contact
between the nose and SMC specimen. A custom LabVIEW program
was developed to acquire force and displacement data, appropriately
trigger the high-speed camera and synchronise transducer data ac-
quisition with the high-speed photograph acquisition. Force data was
acquired at 50 kHz with a 24 bit resolution National Instrument 9233
Integrated Electronic Piezoelectric load cell data acquisition module
in a National Instrument CompactDAQ chassis. Displacement data
was acquired at 50 kHz with a 16 bit NI 9205 analogue input mod-
ule. A transistor-to-transistor logic signal from a NI 9401 digital
input-output module allowed for triggering and synchronisation of
the captured high-speed images for a total duration of 10 ms. A
four pole Butterworth filter (two pole filter with forward and reverse
passes) was applied to the load-time data with a channel frequency
class of 600 (approximately 1000 Hz cutoff) consistent with Society of
Automotive Engineers (SAE) standard SAE J211-1 (1995). For the dis-
continuous glass and hybrid continuous-discontinuous glass/carbon
fibre SMC specimens, images were captured with a frame rate of
50 000 frames per second, a shutter speed of 1/70 000 s and a res-
olution of 320× 192 pixels2. For the continuous carbon fibre SMC
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parameters of image acquisition were 20 000 frames per second with
a shutter speed of 1/50 000 s and a resolution of 256× 256 pixels2.

4.4 Characterisation at the component level

Component testing was performed on a ZwickRoell Universal testing
machine with 500 kN load capacity. As shown in Figure 4.8, the
demonstrator part was placed on two lower supports, aligned at a
distance of 120 mm. The supports themselves were mounted on a
cage to be able to measure the deflection directly below the sample
with a tactile transducer.

Figure 4.8: Test setup of four-point bending component tests.

The specimens were loaded by two upper supports, having a dis-
tance of 40 mm. As a first step, a preload of 100 N was realised to
ensure contact between the specimen and the upper supports. Sub-
sequently, the four-point bending test was carried out with numerous
loading-unloading cycles with a constant nominal crosshead speed of
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2 mm m−1. Each cycle consisted of a maximum deflection (Table 4.2)
and four subsequent sub-cycles with a deflection equal to 30 % to 70 %
of the preceded maximum value.

Table 4.2: Cycle number and corresponding maximum deflection of four-point bending
component tests.

Cycle 1 2 3 4 5 6 7 8
Max. deflection in mm 0.5 1 1.5 2 2.5 3 4 5

Between different loading sequences, a load of 100 N was maintained
for 90 s. After eight loading sequences, the deflection was increased
until the specimen fractured (Figure 4.9).

The global stiffness S of the specimen was calculated from the load F
and the deflection s. It reads

S =
Fmax,i − Fmin,i

smax,i − smin,i
with i ∈ {1, 2, 3} (4.5)

with smin and smax referring to the maximum and minimum deflec-
tion reached within the 30 % to 70 % cycle after the preceded max-
imum deflection of the cycle. Fmin and Fmax were the corresponding
forces at these points. The stiffness was calculated over the unloading
phases and the arithmetic mean value of the three calculated stiffness
values considered for one cycle was evaluated.
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Cycle 1

Cycle 2

Cycle 3
smax,1, Fmax,1

smin,1, Fmin,1

Time
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Figure 4.9: Test procedure of cyclic four-point bending component tests, adapted from
Rösner, 2015.

A damage variable, D, is a suitable tool to describe the degradation of
mechanical performance and evolution of damage (Gross and Seelig,
2011; Krajcinovic, 1998; Krajcinovic and Mastilovic, 1995), with D
equal to

D = 1− S
S0

with D ∈ [0, 1] . (4.6)

The stiffness of the first cycle was defined as S0. For a value of D
equal to zero, the structure shows no damage (S = S0). If D is equal
to 1, the structure would be fully damaged with a resulting stiffness
of S = 0.
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4.5 Data evaluation

Raw data of experimental characterisation was processed with
Matlab, Version 2017b and 2018a. To compare and characterise mech-
anical and structural properties, the average value, standard devi-
ation and coefficient of variation have been taken into account.

The arithmetic average (x̄) of a property (x) equals

x̄ =
1
n

(
n

∑
i=1

xi

)
(4.7)

with n individual values. In addition, standard deviation µ reads

µ =

√√√√( n

∑
i=1

x2
i − nx̄2

)
· (n− 1)−1. (4.8)

A third statistical value, the coefficient of variation (CV) enables the
determination of a variation in percentage of a distinct property.

CV = 100 · µ

x̄
. (4.9)

Moduli of elasticity, stiffness, respectively, were defined by fitting
according to the method of least squares with n σ - ε data pairs,
following

E =

(
n

∑
i=1

(σiεi)− nσ̄ε̄

)
·
(

n

∑
i=1

σ2
i − nσ̄2

)
. (4.10)

The same fitting method, based on F− d data pairs, was considered
to evaluate puncture stiffness.
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This chapter introduces a modelling approach to analytically describe
mechanical properties of hybrid SMC composites. It starts with a
short summary to derive mechanical properties of a discontinuously
or continuously reinforced lamina based on homogenisation. A next
step considers the macromechanical properties of the laminae which
may finally be combined to a laminate. The mechanical properties of
the laminate can be deduced by the classical laminate theory (CLT)
which is briefly introduced. Lastly, methods to estimate the resulting
stiffness of hybrid laminates are presented.

5.1 Description of modelling approach

The interest in hybrid composites increases demand to define model-
ling strategies for these complex composite materials. The most im-
portant property to consider for structural applications is the stiffness
of a material. In the following section, methods to analytically predict
the tensile and flexural modulus of elasticity of hybrid materials are
presented, applicable to hybrid SMC composites.

Composite materials are in general neither isotropic nor homoge-
neous, so analysis and design of such materials differ from that of
conventional, bulk materials. Different modelling strategies applied
to brittle composites, such as SMC, were introduced, based on mi-
cromechanics (Chen and Tucker, 1984; Jendli et al., 2009) or finite
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element approaches (Chen et al., 2017). Most composite materials
are multiscale in nature (Kanouté et al., 2009) and in material sci-
ence, micromechanical approaches are powerful tools to predict the
different macroscopic properties of a composite material (Desrumaux
et al., 2001; Tucker and Liang, 1999). Micromechanical approaches
and homogenisation methods, which consider the properties of the
individual constituents and thus fibre and matrix, enable prediction
of the properties of a composite, which can then be described as a
homogenised material.

5.2 Micromechanics and
homogenisation methods

5.2.1 Fundamentals of homogenisation

Although a composite may consist of homogeneous isotropic fibres
and an isotropic homogeneous matrix material, the resulting mechan-
ical properties are not necessarily homogeneous or isotropic. For this
reason, the description of macromechanical properties is normally
founded on homogenisation methods that derive macroscopic ma-
terial properties of a fibre reinforced polymer with microstructural
information. Homogenisation methods approximate effective prop-
erties of a multiphase material to represent a heterogeneous material
through an equivalent homogeneous continuum.

In the following, the fibres are assumed to be homogeneous, linear-
elastic and isotropic with a circular cross section. In addition, the
matrix is considered to be isotropic, ideal-elastic or ideal-plastic, and
the interface between fibres and matrix is infinitely thin. A separation
of scales is important to apply homogenisation schemes (Gross and
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Seelig, 2011; Ju and Chen, 1994; Zaoui, 2002). The effective stresses σ̄

and strains ε̄, which act on a continuum, are described as the volume-
averaged 〈·〉 arithmetic mean values of the (local) microscopic stress
σ(x) and strain ε(x) to deduce homogenised properties (Hill, 1963,
1965; Walpole, 1969)

σ̄ = 〈σ(x)〉 = 1
V

∫
V

σ(x)dV (5.1)

and
ε̄ = 〈ε(x)〉 = 1

V

∫
V

ε(x)dV. (5.2)

Considering a microstructure with piecewise constant properties, the
total volume V can be divided in α partial volumes. Subsequently, Vα

is the partial volume for phase α. Accounting for the phase volume
fraction φ of a phase α with φα = Vα/V, the effective stresses and
strains equal

σ̄ = 〈σ(x)〉 = 1
V

n

∑
α=1

∫
Vα

σ(x)dV =
n

∑
α=1

φα〈σ〉α (5.3)

and

ε̄ = 〈ε(x)〉 = 1
V

n

∑
α=1

∫
Vα

ε(x)dV =
n

∑
α=1

φα〈ε〉α. (5.4)

Assuming that the material is a continuum without gaps or voids
and that the local and effective material properties can be described
as hyperelastic, the generalised Hooke’s law of a composite material
reads

σ̄ = C̄[ε̄] = 〈C(x)[ε(x)]〉 (5.5)

and
ε̄ = S̄[σ̄] = 〈S(x)[σ(x)]〉, (5.6)
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with C the stiffness tensor and S the compliance tensor (C−1 = S

and C̄−1 = S̄). The local stresses and strains can furthermore be
defined with localisation tensors of strain, LA, and stress, LB, such
that

ε(x) = LA(x)[ε̄] (5.7)

and
σ(x) = LB(x)[σ̄]. (5.8)

For LA and LB holds

〈LA(x)〉 =
n

∑
α=1

φαLAα
(x) = IS (5.9)

and

〈LB(x)〉 =
n

∑
α=1

φαLBα(x) = IS, (5.10)

with IS denoting the symmetric identity of the fourth order. Consid-
ering the definition of effective stresses

σ̄ = C̄[ε̄] = 〈C(x)LA(x)〉[ε̄] (5.11)

and strains
ε̄ = S̄[σ̄] = 〈S(x)LB(x)〉[σ̄], (5.12)

the effective stiffness and compliance tensors (C̄ and S̄) read

C̄ = 〈C(x)LA(x)〉 (5.13)

and
S̄ = 〈S(x)LB(x)〉. (5.14)

Estimates for C̄ and S̄ can be obtained with appropriate localisation
tensors LA and LB (Zaoui, 2002). For a composite material, which

126



5.2 Micromechanics and homogenisation methods

consists of n fibres embedded in a (polymer) matrix, the effective
stiffness is determined, assuming that the material properties are
isotropic and piecewise constant, by

C̄ = CM +
n

∑
α=1

φα(Cα −CM)LAα
, (5.15)

with M referring to matrix properties, and α = 1, ..., n representing
the fibres. If one assumes equal material properties for all fibres
(Cα = CF), Equation 5.15 reads

C̄ = CM + (CF −CM)〈LA〉F (5.16)

with 〈·〉F as the sum over all fibres. By substitution of the localisation
tensors L̄A and L̄B with the identity tensor ĪS, one obtains the rule of
mixtures (RoM). It assumes that strains are equal in all phases of the
material for a load in fibre direction (Voigt, 1887). For a loading per-
pendicular to fibres, equal stresses in all phases are assumed (Reuss,
1929). These two basic assumptions form an upper and lower bound
to estimate effective properties of a multiphase material. A method
to define closer bonds was proposed by Hashin and Shtrikman (1962).

Eshelby proposed the solution of a single inclusion problem to con-
sider the morphology of the material’s microstructure in a more de-
tailed way (Eshelby, 1957, 1959). This approach considers reinforcing
fibres as ellipsoid inclusions, with the Eshelby tensor describing the
uniform stress and strain field within the inclusion. An extension of
the Eshelby approach was presented by Mori and Tanaka (1973) and
Benveniste and Dvorak (1990), commonly used due to its simple and
explicit formulation. For a more detailed review of homogenisation
methods, see Zaoui (2002) or Kanouté et al. (2009).
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5 Analytical modelling

5.2.2 Analytical modelling of fibre
reinforced polymers

5.2.2.1 Tensile modulus of a continuous fibre
reinforced polymer loaded in fibre direction

The effective properties of a continuous (unidirectional) composite
base on the properties of the fibres (EF, νF) and the matrix (EM, νM)
as well as on the volume fractions of the different individual phases.
For any number of different constituents in a composite material, the
sum of the constituent volume fraction must be equal to 1 (Gibson,
2007). By means of thermogravimetric analysis, the fibre weight
content (ψF) of a specimen, can be determined by burning off the
matrix of a specimen and by measuring the mass of the fibres, mF,
remaining in the crucible, divided by the initial mass of the specimen
(composite), mC and

ψF =
mF
mC

. (5.17)

The resulting fibre volume content, φF, is then equal to

φF =
1

(1 + 1−ψF
ψF

) · ρF
ρM

, (5.18)

with ρF and ρM as the density of the fibre and the matrix, respectively
(Schürmann, 2007).

A continuous (unidirectional) fibre reinforced lamina, with length
l, width b and thickness h, as shown in Figure 5.1, is characterised
by two symmetry planes parallel and transverse to the fibre direction
(transverse isotropy). In the following description, coordinate axis
1 is parallel to the fibrous reinforcement. A micromechanics ap-
proach may determine the engineering constants of a continuous fibre
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5.2 Micromechanics and homogenisation methods

reinforced lamina (Reddy, 2003; Soni and Pagano, 1983) if the
fibres are

• homogeneous,

• linear elastic and obey the Hooke’s law,

• isotropic (e.g. glass fibre, with EF,L = EF,T = EF) or orthotropic
(e.g. carbon fibre EF,L 6= EF,T 6= EF),

• homogeneously distributed,

• perfectly aligned and parallel, and

• perfectly bonded to the matrix;

if the matrix is

• homogeneous,

• linear elastic and obeys the Hooke’s law,

• isotropic, and

• free of voids and microcracks; and

if the lamina is

• initially stress-free,

• linear elastic, and

• macroscopically homogeneous and transverse isotropic.
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1

3
2

b

l

h

Figure 5.1: Schematic drawing of a continuously fibre reinforced lamina.

Considering a strain in fibre direction (ε1) with both phases behaving
elastically, and assuming that equal strains apply in fibres and matrix,
the corresponding stresses in the matrix σM and the fibres σF are

σF = EF · ε1 and σM = EM · ε1. (5.19)

Following this, the resultant force (F) on the surface of the represen-
tative volume element is equal to

F = σ1 · A = σF · AF + σM · AM = E1 · ε1 · A. (5.20)

With the volume fractions of fibres φF and matrix φM equal to

φF =
AF
A

and φM =
AM
A

, (5.21)

the longitudinal elastic modulus of the composite in fibre direction
(E1) is

E1 = φF · EF,L + (1− φF) · EM, (5.22)

with the longitudinal modulus of the fibres EF,L. Equation 5.22 is
known as the rule of mixtures (RoM) and describes the Voigt bound.
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5.2 Micromechanics and homogenisation methods

5.2.2.2 Tensile and shear modulus of a
discontinuous fibre reinforced polymer

Elastic properties of a discontinuous fibre reinforced polymer can also
be derived by homogenisation methods (Tucker and Liang, 1999),
considering the geometry of the fibrous reinforcement and fibre ori-
entation. First of all, a generalised rule of mixtures (RoM) with the
tensile modulus of elasticity E equal to

E = γ1 · γ2 · φF · EF + (1− φF) · EM (5.23)

enables one to predict the tensile modulus of elasticity of a dis-
continuous fibre reinforced composite. In Equation 5.23, γ1 is a
correction factor to account for the fibre length, and γ1 = 1 for fibres
with a minimum length of 10 mm. The second correction factor, γ2,
takes fibre orientation into account and equals 0.375 in the case of
a random (in-plane) fibre orientation (Piggott, 1980; Watanabe and
Yasuda, 1982).

A semi-empirical approach that is based on the Halpin–Tsai equations
(Halpin, 1969), also enables one to estimate the elastic constants of a
discontinuous fibre reinforced composite. The modulus of elasticity
and the shear modulus of a discontinuous fibre reinforced polymer
(EC and GC) with a two-dimensional (2D) random fibre orientation
read (Lavengood and Goettler, 1971)

EC =
3
8

E1 +
5
8

E2 (5.24)

and
GC =

1
8

E1 +
1
4

E2. (5.25)

131



5 Analytical modelling

According to Affdl and Kardos (1976) and Hahn and Tsai (1980), E1

and E2 in Equation 5.24 and 5.25 are equal to

E1

EM
=

(1 + 2 · (l/d)ηLφ f )

(1− ηLφF)
(5.26)

and
E2

EM
=

(1 + 2ηTφF)

(1− ηTφF)
, (5.27)

with l/d the fibre aspect ratio,

ηL =
EF/EM − 1

(EF/EM + 2 · (l/d))
(5.28)

and
ηT =

EF/(EM − 1)
(EF/EM + 2)

. (5.29)

Although semi-empirical approaches are easy to solve analytically,
the fibre orientation of a discontinuous fibre reinforced polymer is
important to consider to more precisely determine elastic material
properties (Fu et al., 2002; Halpin and Pagano, 1969). Generally,
the Mori–Tanaka approach is a suitable tool to predict the material
properties of discontinuous fibre reinforced polymers considering
fibre orientation (Brylka, 2017; Desrumaux et al., 2001).

Information about fibre orientation distribution can be stored effi-
ciently in the form of fibre orientation tensors (FOTs) (Advani and
Tucker, 1978; Kanatani, 1984), and the Mori–Tanaka homogenisation
method determines the effective stiffness C̄MT of a composite with
a localisation tensor LMT

α (Benveniste, 1987; Castañeda and Suquet,
1997; Mori and Tanaka, 1973) premised on orientation averages.
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5.3 Classical laminate theory

Fibre orientation tensors of second- and fourth-order (O and O) equal

Oij =
∮

S
ninjφ(n)dS (5.30)

and
Oijkl =

∮
S

ninjnknlφ(n)dS. (5.31)

Computed tomography offers discrete local fibre orientation in every
fibre voxel. Thus, the empirical second- and fourth-order FOTs read

O =
1

Nv

Nv

∑
α=1

nα ⊗ nα (5.32)

and

O =
1

Nv

Nv

∑
α=1

nα ⊗ nα ⊗ nα ⊗ nα, (5.33)

with Nv fibre voxels and n representing the direction of the fibre
axis. Based on the orientation tensors of second- and fourth-order,
the Mori–Tanaka homogenisation method with orientation averages
provides precise results of the anisotropic stiffness of SMC compon-
ents (Oldenbo et al., 2004).

5.3 Classical laminate theory

Classical laminate theory (CLT) enables one to virtually combine dif-
ferent laminae with homogenised properties into a laminate (Reddy,
2003) and to define the resulting macromechanical properties. The
hybrid SMC material considered within this study can be defined
as an interply hybrid laminate, and the CLT is a suitable method to
predict the resulting mechanical properties.
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5 Analytical modelling

5.3.1 Macromechanical characterisation of a lamina

In the following, a lamina (Figure 5.2) is a sheet of a composite,
which contains continuous or discontinuous fibres embedded in a
polymer matrix.

x

z y

b

l

h

Figure 5.2: Schematic drawing of a lamina.

Assuming a linear elastic behaviour of the lamina, the generalised
Hooke’s law is valid to relate applied stresses (σi) to resulting strains
(ε j). Considering an anisotropic material under isothermal conditions
with respect to an orthogonal Cartesian coordinate system, the stress
(σi) equals

σi = Cijε j i, j = 1, ...., 6, (5.34)

with the stress components σi and the strain components ε j. The
stiffness tensor, Cij, is a fourth-rank tensor, which represents the
material constants. The number of independent constants depends
on material symmetry.

5.3.2 Macromechanical characterisation of a laminate

The classical laminate theory (CLT) can be applied to predict the
properties of a laminate considering normal, bending or torsional
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5.3 Classical laminate theory

stresses in a plane-state loading condition (Jones, 1999), if the fol-
lowing assumptions hold true (Mittelstedt and Becker, 2017):

• the thickness (h) of the laminate is significantly smaller than
the length (l) and width (b) of the laminate (h << l, b) and
remains constant during loading,

• the different laminae are perfectly bonded,

• the laminate is initially undamaged (no voids, delamination,
etc. are present),

• the laminate is loaded in plane-stress condition
(σz = τxz = τyz = γxz = γyz = 0), and

• the laminate deforms according to the Kirchhoff assumptions
for bending of thin plates and a normal to the mid-plane
remains straight and normal to the mid-plane.

Deformation of a laminate (in terms of εxx, εyy and γxy) is described
by the the mid-plane strains ε0

xx, ε0
yy and γ0

xy (elongation and distor-
tion) as well as the mid-plane curvatures κ0

xx, κ0
yy and κ0

xy (bending
curvature and torsion) with

εxx(x, y, z)

εyy(x, y, z)

γxy(x, y, z)

 =


ε0

xx(x, y)

ε0
yy(x, y)

γ0
xy(x, y)

+ z


κ0

xx(x, y)

κ0
yy(x, y)

κ0
xy(x, y)

 . (5.35)
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With the reduced stiffness matrix Qij, the stresses σxx, σyy and τxy

within the kth-layer can be expressed as
σxx

σyy

τxy


k

=


Q11 Q12 Q16

Q12 Q22 Q26

Q16 Q26 Q66


k




ε0
xx

ε0
yy

γ0
xy

+ z


κ0

xx

κ0
yy

κ0
xy


 . (5.36)

Resultant forces, N, and moments, M, in the mid-plane of the lami-
nate (Figure 5.3) are equal to

N0
xx

N0
yy

N0
zz

 =
∫ h

2

− h
2


σxx

σyy

τxy

 dz (5.37)

and 
M0

xx

M0
yy

M0
xy

 =
∫ h

2

− h
2


σxx

σyy

τxy

 zdz. (5.38)

(a)
(b)

Figure 5.3: Resultant forces (a) and moments (b) acting on a laminate (Mittelstedt and
Becker, 2017).
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In a subsequent step, the extensional stiffness (Aij), the bending-
extension coupling stiffness (Bij) and the bending stiffness (Dij), as-
suming constant properties within one layer, can be determined for a
layer k. N defines the total number of layers (Figure 5.4), zk represents
the vertical distance of layer k from the mid-plane, and Aij, Bij and
Dij equal

Aij =
N

∑
k=1

Qk
ij(zk − zk−1) (5.39)

Bij =
1
2

N

∑
k=1

Qk
ij(z

2
k − z2

k−1) (5.40)

Dij =
1
3

N

∑
k=1

Qk
ij(z

3
k − z3

k−1). (5.41)

zk−1
zk

zN−1
zN

Mid-plane hz
k

N

Layer number

hk

2
1

h
2

z0

z2
z1

zk
zN−1

zN

Figure 5.4: Section through a laminate and nomenclature.
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The [ABD] matrix (stiffness matrix) of the laminate leads to the con-
stitutive equation in symbolic form considering forces (N) and mo-
ments (M) acting on the laminate and

N0

M0

 =

A B

B D


ε0

κ0

 . (5.42)

Taking the flexibility matrix [abd] (with [abd]−1 = [ABD]) into consid-
eration, the constitutive equation equals

ε0

κ0

 =

a b

b d


N0

M0

 , (5.43)

and forces as well as moments acting on a laminate can be related
to deformation.

5.4 Analytical modelling of
hybrid composites

In the following, approaches to predict the mechanical properties
of an interlayer hybrid composite, based on two different composite
materials (further referred to as components) are presented. The lam-
inate consists of continuously (unidirectional) fibre reinforced face
sheets and a discontinuously reinforced core, and it is schematically
depicted in Figure 5.5.
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x

z y

h

Figure 5.5: Schematic drawing of continuous-discontinuous glass/carbon fibre SMC
laminate, with x−, y− and z−axes referring to the global coordinate system of the
laminate.

5.4.1 Rule of hybrid mixtures

In general, the stiffness of a hybrid material can be described by a
rule of hybrid mixtures (RohM) which reads

Phyb = PC1φC1 + PC2φC2, (5.44)

with the property of the hybrid material (Phyb), the property of the
first and the second component (PC1 and PC2), and the correspond-
ing volume fractions (φC1 and φC2) (Trauth and Weidenmann, 2018).
Equation 5.44 was successfully implemented to predict the tensile
modulus of elasticity of hybrid composites based on randomly ori-
ented (Fu et al., 2001; Mansor et al., 2013) or aligned short fibre com-
posites (Henry and Pimenta, 2017a,b) as well as hybrid particle/short
fibre polymer composites (Fu et al., 2002). In addition, this approach
was already successfully applied for a combination of chopped car-
bon fibres SMC materials with unidirectional prepregs (Corbridge
et al., 2017) and is hence a promising analytical tool to estimate the
elastic properties of hybrid SMC laminates.
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5.4.2 Tensile and flexural modulus based
on classical laminate theory

Another possible approach relies upon the classical laminate theory
(CLT). Combining Equations 5.34 and 5.42, with consideration of a
uniform width of the laminate, the tensile moduli of elasticity in x-
and y-direction of a laminate equal

Exx =
1

a11 · h
(5.45)

and
Eyy =

1
a22 · h

(5.46)

with a11 and a22 components of the [abd] matrix and h the thickness
of the laminate.

Furthermore, the constitutive relation to describe the bending of a
laminate reads

Mxx

Myy

Mxy

 =


D11 D12 D16

D12 D22 D26

D16 D26 D66

 ·


κxx

κyy

κxy

 , (5.47)

with the bending and twisting moments (Mxx, Myy, Mxy) per unit
width and the bending and twisting curvatures (κxx, κyy, κxy). Invert-
ing Equation 5.47 leads to

κxx

κyy

κxy]

 =


d11 d12 d16

d12 d22 d26

d16 d26 d66

 ·


Mxx

Myy

Mxy

 , (5.48)
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with the flexural compliance dij. Considering pure bending by a
moment M1, Equation 5.47 becomes

κxx = d11 ·Mxx = d11 ·
Mxx

b
, (5.49)

with the width of the laminate (b). Hence, the flexural modulus (E f )
is equal to

E f =
Mxx

κxx
=

b
d11

. (5.50)

Taking into account the moment of inertia, I = bh3

12 , E f finally reads

E f =
12

h3d11
. (5.51)
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6 Results

The results of characterisation and modelling are presented in this
chapter. It follows the vertical characterisation strategy described in
section 4.1 and describes micro- and macroscopic material proper-
ties of the materials introduced in chapter 3, hence of the continu-
ous carbon fibre SMC (Co CF SMC), discontinuous glass fibre SMC
(Dico GF SMC) and hybrid continuous-discontinuous glass/carbon
fibre SMC (CoDico GF/CF SMC). Structure-property relationships
are highlighted and this chapter includes the results of the inves-
tigations at the structure level and component testing. In addition
to material, structural and component properties, the failure mecha-
nisms and damage evolution of the individual components (Dico GF
SMC and Co CF SMC) – but more importantly of the hybrid (CoDico
GF/CF SMC) composite – are presented. Analytical estimation of
material properties based on the approaches presented in chapter 5
are depicted at the end of the chapter.

6.1 Evaluation of testing methods
and preliminary studies

This section deals with results of preliminary studies aimed to define
appropriate specimen geometries and testing methods as well as the
conditions to evaluate the mechanical material properties of the dis-
continuous glass fibre SMC (Dico GF SMC), the continuous carbon
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fibre SMC (Co CF SMC) and the hybrid continuous-discontinuous
glass/carbon fibre SMC (CoDico GF/CF SMC).

6.1.1 Tensile properties of discontinuous
SMC composites

Due to the heterogeneous microstructure of (discontinuous) SMC
composites and the significant length of the fibrous reinforcement (in
general 25.4 mm), determination of mechanical material properties is
difficult. Fibre orientation distribution resulting from manufacturing
additionally complicates the mechanical characterisation of discon-
tinuous fibre reinforced polymers. The heterogeneous microstructure
justifies the need to define an appropriate specimen geometry. In
addition, the defect size in SMC is rather large compared to the size of
a specimen considered for experimental characterisation (Shirrell and
Onachuk, 1986), and the dimensions of the specimen may also affect
the material’s failure mechanisms and damage evolution (Wisnom,
1991). Hence, the design of specimens to define mechanical material
properties is of significant importance.

A preliminary study was conducted to investigate the influence of
specimen design on the resulting tensile properties of Dico GF SMC.
For this purpose, tensile tests on two different rectangular and two
different dog-bone shaped specimens were carried out (a detailed de-
scription of the specimens’ geometry can be found in section 3.2.3.1).
In addition, different clamping blocks (fine and coarse profiling) were
used to determine a possible influence of clamping (Table 6.1).

A variation of the size of the gauge section enabled deeper under-
standing of the influence of a representative section of the specimen
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6.1 Evaluation of testing methods and preliminary studies

on evaluated strains and tensile properties (Table 6.2). In general,
evaluations considered eight specimens of each type. For geometry
B 2, the results are based on seven specimens. Relative tensile mod-
uli of elasticity were considered to account for a process–induced
variation of fibre volume content.

Table 6.1: Tensile test parameters considering different geometries of discontinuous
glass fibre SMC. *Geometries of specimens are described in section 3.2 (Table 3.3 and
Figure 3.9).

Name Type* Clamping distance Clamping blocks End tabs
R 1.1 R1 100 mm Fine Yes
R 1.2 R1 100 mm Fine No
R 1.3 R1 100 mm Coarse No
R 2.1 R2 100 mm Fine No
R 2.2 R2 130 mm Fine No
B 1 B1 128 mm Fine No
B 2 B2 146 mm Coarse No

Table 6.2: Dimensions of gauge sections for different specimen geometries considered
for preliminary tensile tests of discontinuous glass fibre SMC.

Specimen Type R 1 R 2 B 1 B 2
Gauge section 1 in mm2 70× 10 70× 10 70× 10 70× 10
Gauge section 2 in mm2 80× 13 80× 28 80× 13 80× 28
Gauge section 3 in mm2 70× 13 70× 28 70× 13 70× 28

An increase of the width of the specimen led to a marginal decrease
of stiffness for both considered geometries (R 2.1 and B 2). Rectan-
gular specimens with a width of 15 mm showed slightly increased
stiffness if no end tabs were used (R 1.1). Moreover, for a rectangular

145



6 Results

specimen with a width of 30 mm, clamping distance affected the
stiffness of the material (R 2.1 and R 2.2). However, for all con-
sidered specimen types, no significant variations could be observed in
terms of tensile modulus of elasticity (Figure 6.1). In addition, a vari-
ation of the gauge section had no influence on the calculated tensile
modulus of elasticity.
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Figure 6.1: Specific tensile modulus of elasticity of discontinuous glass fibre SMC (two-
dimensional [2D] flow with approximately 35 % initial mould coverage) determined
for different rectangular (R) and dog-bone (B) shaped specimens with different gauge
sections. A detailed overview of specimen geometries can be found in section 3.2 (Table
3.3 and Figure 3.9). Bar represents arithmetic mean value, whiskers represent standard
deviation, N = coefficient of variation (CV).

Specimens which failed within the clamping were not considered to
evaluate tensile strength. With regard to tensile strength, variation
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of specimens’ geometry did not significantly influence the mater-
ial behaviour (Figure 6.2). Rectangular specimens with a width of
15 mm and clamped without end tabs showed slightly lower tensile
strength. In addition, scatter was more distinct. An increase in
width and a change from rectangular to dog-bone specimen slightly
decreased measured tensile strength (R 2.2, B 1, B 2) and led to a more
significant scatter in tensile strength. For specimen types R 1 and
B 1 no specimen failed within the clamping. In contrast, for wider
specimens, failure within the clamping was more likely (R 2.1 50 %,
R 2.2 25 %, B 2 37.5 %).
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Figure 6.2: Specific tensile strength of discontinuous glass fibre SMC (2D flow with
approximately 35 % initial mould coverage) determined for different rectangular (R)
and dog-bone (B) shaped specimens. A detailed overview of specimen geometries can
be found in section 3.2 (Table 3.3 and Figure 3.9). Bar represents arithmetic mean
value, whiskers represent standard deviation; • = individual specimen; N = coefficient
of variation (CV).
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A second preliminary study aimed to define the influence of subset
size and step size on resulting strains evaluated by means of digital
image correlation. In a first step, image processing enabled analysis
of the speckle pattern of the specimens to define the average speckle
size. According to Byrne (2018), a subset may contain at least three
speckles, consisting of not less than five pixels each. In addition, an
appropriate step size leads to an overlap of two different subsets of
50 % to 80 % (GOM, 2018). To meet these recommendations, different
combinations of subset size and step size have been considered to
evaluate the arithmetic mean value of technical strains based on mea-
sured displacements in the gauge section. The results are summarised
in Table 6.3.

Table 6.3: Tensile modulus of elasticity and failure strain evaluated for a gauge section
of 70× 100 mm2 with different subset and step sizes.

Subset size Step size Et εmax,t

in pixel2 in pixel in GPa in %
10× 10 8 10.884 1.659
15× 15 10 10.892 1.657
15× 15 12 10.880 1.657
15× 15 8 10.878 1.658
19× 19 10 10.892 1.660
19× 19 15 10.893 1.661
25× 25 12 10.885 1.659
25× 25 20 10.886 1.660
30× 30 15 10.877 1.660
30× 30 20 10.905 1.655

Although Dico GF SMC exhibits a heterogeneous microstructure
leading to heterogeneous strain fields resulting from uniaxial ten-
sion, no difference was observed in terms of specimen stiffness and
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failure strain for the considered combinations of subset size and
step size. Hence, it can be concluded that for evaluating average
technical strains, the size of subset and step do not influence the
results, if the two parameters were chosen with respect of a com-
mon understanding of digital image correlation. With respect to the
aforementioned findings, the following guidelines were considered
to investigate tensile properties of continuous, discontinuous and
continuous-discontinuous SMC materials:

• Rectangular specimens with a width of 15 mm were considered
to account for the recommendations of DIN EN ISO 527-5, 2009.
In addition, this allowed more efficient use of the manufactured
sheets to obtain a higher number of specimens with the same
amount of material. Preliminary tests showed that dog-bone
shaped specimens were not suitable to determine material prop-
erties of continuous and continuous-discontinuous fibre rein-
forced materials.

• End tab were used to decrease the possibly harmful interaction
between clamping blocks and SMC specimen. This is especially
important to mechanically load continuous carbon fibre SMC
specimens. For the sake of comparability, end tabs were used
for all material types.

• A gauge section of 70× 100 mm2 was considered for further
testing to avoid possible edge effects. A clamping distance of
100 mm was chosen, equalling the length of the gauge section
(70 mm) plus two times the specimen’s width, to take Saint-
Venant’s principle into account (Saint-Venant, 1855).
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6.1.2 Tensile properties of continuous
SMC composites

The influence of the quality of the edges have been intensively dis-
cussed, especially for unidirectional fibre reinforced materials (for ex-
ample in O’Brien et al., 2001 or ASTM D5687/D5687M-95, 2015), and
this research’s third preliminary study aimed to investigate the influ-
ence of edge preparation on resulting mechanical material properties
of Co CF SMC. For this purpose, a selected number of specimens
were grinded by hand (approximately 10 s seconds with 150 rotations
per minute) with sand paper (600, 1000 then 2500 grit) after water-jet
cutting. In a finishing step, the edges of the specimen were grinded
with a graining of 4000 for approximately 30 s.

Figure 6.3 summarises mechanical performance of Co CF SMC (0°)
depending on edge quality. Although there was a significant im-
provement of the edge quality in terms of roughness, the tensile
properties of continuous carbon fibre SMC in fibre direction (0°)
were hardly affected (Figure 6.3). The same held true for mechanical
properties, if specimens were loaded perpendicular to fibre direction.

The unsaturated polyester-polyurethane hybrid (two-step curing)
resin system is a novel resin system with special curing conditions.
Due to possible variations in material properties due to storage time,
specimens have been extracted from two sheets and tensile tests were
carried out twice (testing campaign 1 and testing campaign 2), with
an intervening time interval of one year. The determined moduli
of elasticity and tensile strength, depicted in Figure 6.4, exhibited a
significant decrease over time.
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Figure 6.3: Influence of edge preparation on tensile modulus of elasticity and tensile
strength of continuous carbon fibre SMC measured in fibre direction (0°) of two
different sheets. Bar represents arithmetic mean value, whiskers represent standard
deviation, • = individual specimen, N = coefficient of variation (CV).

With an average FVC of 55.2 vol.%, sheet 2 featured a slightly higher
FVC than the reference sheet (sheet 1, FVC = 52.2 vol.%). However,
tensile strength was considerably lower.
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Figure 6.4: Tensile modulus of elasticity and tensile strength of continuous carbon
fibre SMC resulting from uniaxial tension in fibre direction (0°), comparison of two
different sheets (sheet 1 and 2) and influence of time period between manufacturing
and testing (campaign 1 and 2). Experimental results of individual specimens on the
right are summarised in box-plot diagrams depicting tensile modulus of elasticity on
the bottom and tensile strength on the left, with • = median, + = mean, box = 25th

to 75th percentile, lines indicate minimum and maximum or 1.5 interquartile range,
respectively, ◦ = outlier.

6.1.3 Flexural properties of SMC composites

Determination of flexural properties of fibre reinforced polymers
requires consideration of the heterogeneous microstructure of the
composite and a non-uniform stress distribution over the specimen’s
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thickness (Zweben et al., 1978). Depending on test setup and the
distance of the lower supports, a more or less significant shear stress
results due to an out-of-plane force acting on the specimen, which
strongly depends on reinforcement architecture and is more pro-
nounced for continuous fibre reinforced materials than for fibrous
reinforcement based on chopped fibres. Different standards recom-
mend different test setups in terms of minimum support span to
handle the aforementioned challenges and to minimise shear ef-
fects during bending testing of fibre reinforced polymers (ASTM
D7264/D7264M, 2015; DIN EN ISO 14125, 1998).

A fourth preliminary study involved three-point bending tests with
different support distances to define an appropriate support distance
for the different SMC composites. It aimed to characterise the evo-
lution of the apparent flexural modulus, which theoretically reaches
a value in the same range as the tensile modulus of elasticity if a
sufficiently large span distance is considered (Zweben et al., 1978).
Figure 6.5 depicts the evolution of the relative modulus of elasticity
of Co CF SMC, Dico GF SMC and CoDico GF/CF SMC as a function
of the span-to-thickness ratio. The experimentally determined tensile
modulus of elasticity (arithmetic average) was considered to calculate
the relative modulus. As clearly seen, the continuous carbon fibre
SMC is most sensitive to evolving shear stresses if an out-of-plane
load is applied. In DIN EN ISO 14125 (1998), a span-to-thickness
ratio of 40:1 is recommended to evaluate flexural properties of con-
tinuous carbon fibre reinforced composites in fibre direction. The
American Society for Testing and Materials (ASTM D7264/D7264M,
2015) recommends a span-to-thickness ratio of 32:1. In order to define
a suitable test setup to deduce the flexural properties of continuous
carbon fibre SMC and continuous-discontinuous glass/carbon fibre
SMC, bending tests were carried out with a span-to-thickness ratio
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of 32:1 and of 40:1. Flexural modulus of elasticity E f and flexural
strength σf were determined based on stress and strain calculations
according to Equations 4.2 and 4.1.
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Figure 6.5: Relative flexural modulus of elasticity of continuous carbon fibre SMC,
discontinuous glass fibre SMC and continuous-discontinuous glass/carbon fibre SMC
as a function of span-to-thickness ratio.

Figure 6.6 depicts flexural properties of continuous carbon fibre SMC,
with fibres aligned parallel the longitudinal axis of the specimen,
determined for a span-to-thickness ratio of 32:1 and of 40:1. Flex-
ural modulus of elasticity slightly increased with an increasing span-
to-thickness ratio. However, considering the variations of stiffness
within the testing campaign, this increase was not significant. No
variation in terms of flexural strength was observed.
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Figure 6.6: Flexural modulus of elasticity and flexural strength of continuous carbon
fibre SMC for a span-to-thickness ratio of 32:1 and 40:1 (• = median, + = mean,
box indicates 25th to 75th percentile, lines indicate minimum and maximum or 1.5
interquartile range, respectively).

In addition, flexural properties of continuous-discontinuous
glass/carbon fibre SMC in terms of flexural modulus of elasticity and
flexural strength did not show considerable difference if the span-to-
thickness ratio was increased from 32:1 to 40:1 (Figure 6.7). Based on
the aforementioned results, a span-to-thickness ratio of L/h = 32:1
was chosen to characterise flexural properties.
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Figure 6.7: Flexural modulus of elasticity and flexural strength of continuous-
discontinuous glass/carbon fibre SMC for a span-to-thickness ratio of 32:1 and 40:1
(• = median, + = mean, box indicates 25th to 75th percentile, lines indicate minimum
and maximum or 1.5 interquartile range, respectively).

Three-point bending leads to a highly localised stress and strain field.
A fifth preliminary study was conducted, aiming to define the vari-
ation of stiffness within one discontinuous glass fibre SMC specimen
to account for the highly heterogeneous microstructure. For this
purpose, flexural modulus of elasticity was determined three times
for the same specimen. First, the specimen was placed symmetrically
in the middle on the two lower supports. Two further measurements
were carried out with the specimen shifted 10 mm to the left and
right, respectively. This preliminary study was carried out with a
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span-to-thickness ratio of 20:1 to allow a sufficient overlap of the
specimen at the lower supports when shifting the specimen between
the measurements. As depicted in Figure 6.5, a span-to-thickness
ratio of 20:1 already enables to neglect of the influence of shear during
an out-of plane loading of Dico GF SMC.

Figure 6.8 shows, that intra-specimen variations considering flexural
modulus of elasticity were marginal for specimens aligned in the
flow direction, with variations in the range of 1.3 % < CV < 4.5 %.
Variations were slightly more important for specimens extracted
perpendicular to flow (2.1 % < CV < 7.3 %).
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Figure 6.8: Flexural modulus of elasticity (E f ) determined for three different positions
of six discontinuous glass fibre SMC specimens in 0° and 90°, with a span-to-thickness
ratio (L/h) of 20:1, • = individual stiffness value for a distinct specimen.

A sixth preliminary study aimed to determine the coefficient of
friction (µ f ) between SMC material and support of the test setup.
The experimentally determined value was µ f ≈ 0.24. Considering
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Equation 3b in DIN EN ISO 14125 (1998) and Equation 4.3, result-
ing frictional forces lead to an overestimation of flexural stresses of
≈ 0.1 MPa for a deflection of 20 mm (L/h = 32:1, nominal specimen
thickness of 3 mm). This deflection equals a flexural strain ε f ≈ 3.9 %
and is hence significantly higher than that of the observed failure
strains for the considered SMC materials. Hence, frictional effects
have no relevance.

6.2 Microstructural analysis

As generally true for fibre reinforced polymers (e.g. demonstrated
by Thomason and Vlug, 1996; Thomason et al., 1996 or Hassan et al.,
2011), and presented in section 2.3.2.4, mechanical properties of SMC
composites strongly depend on the material’s microstructure – and
inter alia, fibre length, fibre orientation and fibre volume fraction.
Heterogeneous, flow-induced, fibre orientation distributions and a
variation of fibre volume content may result in significant scatter of
resulting stiffness and strength of the material, and a qualitative in-
vestigation of the local microstructure of the considered SMC materi-
als was carried out by means of micro-computed tomography (µ-CT)
and scanning electron microscopy (SEM). A quantitative description
was built upon thermogravimetric analyses (TGA) to determine fibre
volume content. A variation in fibre orientation was evaluated by
calculating (local) fibre orientation tensors (FOT) based on µ-CT data.

6.2.1 Fibre volume content

Thermogravimetric analysis enabled measurement of the fibre weight
content of SMC specimens, allowing determination of the fibre vol-
ume content in a following step by application of Equations 5.17
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and 5.18. The calculations considered the densities of the unsat-
urated polyester-polyurethane two-step curing resin hybrid system
ρUPPH = 1.14 g cm−3 (DSM Daron 41/B1, 2012), the carbon fibres
ρCF = 1.82 g cm−3 (Zoltek, 2015) and the glass fibres ρGF = 2.6 g cm−3

(AZO Materials, 2018).

6.2.1.1 Fibre volume content of discontinuous glass fibre SMC

The semi-finished material of discontinuous glass fibre SMC was
manufactured with a nominal fibre content of 41 wt.%; hence, the
nominal fibre volume content of Dico GF SMC (φDicoGF,nom) is equal
to φDicoGF,nom ≈ 23 vol.%. Specimens for TGA have been extracted
from flow and charge region to determine the resulting fibre volume
content of Dico GF SMC compression moulded sheets. For one-
dimensional (1D) flow Dico GF SMC plaques manufactured within
one campaign, average (real) fibre volume content was 26.6 vol.%
(µ = 2.25 vol.%, CV = 8.48 %) equalling an average fibre weight content
of 45.3 wt.% and resulting in a density of the Dico GF SMC composite
of ρDico = 1.53 g cm−3. Individual values of all 14 considered sheets
are depicted in Figure 6.9. In general, the fibre volume content of
moulded Dico GF SMC sheets was higher than the nominally set
value when manufacturing the semi-finished SMC sheets. With an
arithmetic mean value in the range of 21.5 vol.% to 28.2 vol.% process-
induced real FVC showed a significant intra-campaign variation con-
sidering the results of different sheets. However, variations within
one sheet were below 10 %.
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10 15 20 25 30 35
Fibre volume content in vol.%

0 5 10 15 20 25
CV in %

Figure 6.9: Fibre volume content of individual discontinuous glass fibre SMC sheets
(manufactured within one campaign), with approximately 35 % initial mould coverage
and one-dimensional (1D) flow. Dashed line indicates nominal fibre weight content,
bar represents arithmetic mean value, whiskers represent standard deviation, • = indi-
vidual specimen, N = coefficient of variation (CV), x = outlier.

Based on the same resin system and manufacturing parameters –
with the exceptions of a slightly increased force during compression
moulding from campaign 1 (1600 kN) – to campaign 2 (2500 kN) no
significant inter-campaign variation of FVC could be observed (Figure
6.10). The two-dimensional (2D) Dico GF SMC sheets of campaign 1
featured an average FVC of 26.0 vol.% (µ = 0.9 vol.%, CV = 3.6 %). The
average fibre content of 2D sheets of campaign 2 equalled 24.9 vol.%
(µ = 1.6 vol.%, CV = 6.5 %), and the real fibre volume content was
systematically higher than the nominally set value at both times.
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10 15 20 25 30 35
Fibre volume content in vol.%

Campaign 2
Campaign 1

0 5 10 15 20 25
CV in %

Figure 6.10: Fibre volume content of individual discontinuous glass fibre SMC
sheets, with approximately 35 % initial mould coverage and two-dimensional (2D)
flow, comparison of two different manufacturing campaigns. Dashed line indicates
nominal fibre weight content, bar represents arithmetic mean value, whiskers represent
standard deviation, • = individual specimen, N = coefficient of variation (CV).

Investigations of local fibre volume content of three different Dico
GF SMC sheets showed no significant difference between the charge
and flow region could be observed (Figure 6.11). However, speci-
mens extracted at the corners tend to show a slightly higher FVC. In
contrast, specimens located at the edges of the flow region featured
a marginally lower FVC. These findings indicate the influence of
material flow of resulting fibre distribution. In addition, the bundles
at the edges of the part or sheet may additionally deform and flatten
(Motaghi and Hrymak, 2017). Consequently, specimens for mechani-
cal characterisation have not been extracted from the edges or corners
of the sheets.
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Figure 6.11: Local fibre volume content of three discontinuous glass fibre SMC sheets
manufactured in rectangular shaped mould (1D flow). Circles depict location of
individual specimens, considered for TGA analysis with colour-coded experimentally
determined fibre volume content. Dashed line indicates initial charge region of
approximately 35 %.
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6.2.1.2 Fibre volume content of continuous carbon fibre SMC

Continuous carbon fibre SMC sheets were reinforced by a non-crimp
unidirectional fabric and featured a nominal fibre weight content
of 60 vol.% (φCoCF,nom ≈ 48 vol.%). Experimentally determined
fibre volume content was significantly higher for all considered
sheets (Figure 6.12).
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Fibre volume content in vol.%

hnom = 1 mm
hnom = 2 mm
hnom = 3 mm

0 5 10 15 20 25
CV in %

Figure 6.12: Fibre volume content of individual continuous carbon fibre SMC sheets
featuring different nominal thicknesses. The dashed line indicates nominal fibre weight
content, bar represents arithmetic mean value, whiskers represent standard deviation,
• = individual specimen, N = coefficient of variation (CV).
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The thinner the sheet, the higher the variations in terms of fibre
volume content. With the exception of one 1 mm thick sheet, vari-
ations were equal to or below 5 %. Considering an average fibre
volume content of 53.4 vol.%, the density of the continuous fibre re-
inforced SMC equals ρCo = 1.50 g cm−3.

6.2.2 Fibre orientation distribution

For SMC materials – resulting from manufacturing parameters, move-
ment of the conveyor belt but especially material flow during com-
pression moulding – a specific process-induced microstructure with a
distinct fibre orientation distribution is formed. If the fibre orientation
deviates from being totally random, anisotropic rather transverse
isotropic material properties result (Bert and Kline, 1985).

The following investigations of local fibre orientation distribution
of Dico GF SMC were based on µ-CT data of four representative
specimens and on Equation 5.32. Twice two specimens were extracted
from flow region of the same one-dimensionally flown sheet either
parallel or perpendicular to direction of flow. In the following,
index 1 and 2 indicate the sheet of extraction, while 0° and 90° refer
to the specimen’s orientation. Figure 6.13 depicts the longitudinal
axis of the (total) 100 mm long specimens equal to the y-axis in
the coordinate system to define FOTs and the orientation of the
components Oxx, Oyy and Ozz.

Figures 6.14 and 6.15 depict the evolution of the components Oxx, Oyy

and Ozz with respect to specimen thickness. For this purpose, the
components were defined for different slices of the specimen featur-
ing a thickness of ≈ 8 µm each.
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Figure 6.13: Orientation and convention of coordinate system to define fibre orientation
tensors (FOTs).

Regardless of the orientation of the specimen, Dico GF SMC showed
a slightly anisotropic fibre orientation in the x− y plane. Due to fibre
length and limited thickness of semi-finished sheets, fibre bundles
did not tend to orientate perpendicular to the x − y plane, and the
value of Ozz (green line) is negligible.

The averaged second-order FOTs for the two specimens (index 1 and
2) extracted parallel to flow (0°) are equal to

O1,0◦ =


0.354 −0.038 −0.007

−0.038 0.617 0.002

−0.007 0.002 0.029

O2,0◦ =


0.346 0.012 −0.004

0.012 0.633 −0.001

−0.004 0.001 0.021

 .

Fibres were preferably aligned parallel to flow direction with

Oyy > Oxx.
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Figure 6.14: Components Oxx , Oyy and Ozz over thickness of two discontinuous glass
fibre SMC specimens (index 1 or 2) extracted parallel to flow (0°).

The averaged second-order FOTs for the two specimens (index 1 and
2) extracted perpendicular to flow (90°) equal

O1,90◦ =


0.577 0.042 0.007

0.042 0.382 0.000

0.007 0.000 0.040

 O2,90◦ =


0.524 0.013 −0.011

0.013 0.449 −0.008

−0.011 −0.008 0.027

 .

Hence, fibres were also preferably aligned parallel to flow direction
with Oxx > Oyy. Global fibre orientation did not significantly differ
between the four considered specimens. However, the deviation
between the components Oxx and Oyy was slightly more important at
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the edges, especially for the two specimens extracted perpendicular to
flow (Figure 6.15). This deviation indicates that the fibre orientation
was influenced by material flow during moulding and the interaction
between mould, and external layers of the semi-finished sheets (as
described in section 2.3.2.2) resulted in a slight shell-core effect.
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Figure 6.15: Components Oxx , Oyy and Ozz over thickness of two discontinuous glass
fibre SMC specimens (index 1 or 2) extracted perpendicular to flow (90°).

Figures 6.17 and 6.18 depict the colour-coded fibre orientation of
two representative Dico GF SMC specimens, with the coordinate
z referring to the thickness direction. On the schematic drawing
on the top left, the grey section indicates the selected region for
µ-CT observations. It is clearly visible that material flow during
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compression moulding not only caused the fibre bundles to orient
in the flow direction, but also led to a spreading of the fibre bundles
with individual fibres (or agglomerations of a small number of fibres)
becoming visible in the shell layers (z ≈ 0.01 mm and z ≈ 2.83 mm
for the specimen extracted in flow direction and z ≈ 0.01 mm and
z ≈ 2.89 mm for the specimen extracted perpendicular to flow). Some
fibres and fibre bundles in the shell were also characterised by a
distinct curvature, which was not present in the core layers. In
the core layers, microstructural observations depict individual fibre
bundles, tending to align in flow direction.

The fibre orientation distribution of the discontinuous component
of a hybrid CoDico glass/carbon fibre SMC specimen is depicted in
Figure 6.16. The coordinate z refers to the thickness of the entire
specimen. The material flow of the discontinuous component during
compression moulding of the hybrid material also led to a prefer-
able fibre bundle orientation in the flow direction (Oyy > Oxx),
comparable to the resulting fibre orientation distribution of the pure
discontinuous glass fibre SMC specimen in flow direction (Figure
6.14). The second-order FOT (considering only the discontinuous
component of the hybrid CoDico SMC) reads

Ohyb,0◦ =


0.388 −0.014 0.005

−0.014 0.593 0.003

0.005 0.003 0.019

 .
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Figure 6.16: Components Oxx , Oyy and Ozz over thickness of a continuous-
discontinuous glass/carbon fibre SMC specimen extracted parallel to flow (0°).

Figure 6.19 depicts the colour-coded fibre orientation at different posi-
tions with respect to the entire specimen’s thickness, with coordinate
z equal to zero at the surface. Within the core, fibre orientation
distribution and appearance of fibre bundles show the same charac-
teristics already highlighted for a pure Dico GF SMC specimen at
the beginning of this section. In addition, the transition between
the continuous face sheets and the discontinuously reinforced core
is gradual (Figure 6.19: z ≈ 0.01 mm and z ≈ 2.89 mm) and the glass
fibre bundles immingle with the continuous reinforcement.
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Figure 6.17: µ-CT observation of a discontinuous glass fibre SMC specimen extracted
in flow direction (0°): Colour-coded fibre orientation with respect to the thickness of
the specimen.
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Figure 6.18: µ-CT observation of a discontinuous glass fibre SMC specimen extracted
perpendicular to flow direction (90°): Colour-coded fibre orientation with respect to
the thickness of the specimen.
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Figure 6.19: µ-CT observation of a hybrid continuous-discontinuous glass/carbon fibre
SMC specimen extracted in flow direction (0°): Colour-coded fibre orientation with
respect to the thickness of the specimen.
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6.2.3 Interface of continuous-discontinuous SMC

The quality of the interface between different layers in a laminated
composite is important to consider with respect to resulting mater-
ial properties and damage evolution. Figure 6.20 clearly depicts a
transition zone between the discontinuous glass fibre reinforced core
and the continuous carbon fibre reinforced shell layers of the hybrid
CoDico SMC. With z equal to zero at the top surface of the (entire
CoDico) specimen, the transition zone between the continuous carbon
fibre face sheets and the discontinuous glass fibre reinforced core is
also clearly visible. At the outer surface, the representative inves-
tigated CoDico SMC specimen shows continuously reinforced face
layers (z ≈ 0.05 mm and z ≈ 2.96 mm). Towards the centre of the
specimen, the continuous carbon fibre bundles were slightly pushed
apart (z ≈ 0.37 mm and z ≈ 0.64 mm) due to the flow of the discon-
tinuous material during moulding and due to the glass fibre bundles’
interaction with the continuous reinforcement. Below the continuous
face sheets, featuring a thickness of ≈ 0.3 mm to 0.4 mm, the glass
fibre bundles are spread and characterised by splaying. Individual
filaments or agglomerations of a small number of fibres define the
fibrous reinforcement within this zone. It is also highly possible that
the fibrous reinforcement within this section is defined by a distinct
curvature, more important than the general SMC bundle structure
observed within the core. Due to hybridisation, the spreading of the
glass fibre rovings combined with the formation of a curvature was
more severe with respect to the thickness of the transition zone within
the hybrid material compared to the shell-core effect of the pure Dico
GF SMC. The typical SMC microstructure, with fibre bundles oriented
in the plane of the sheet (x − y-plane) not featuring a remarkable
curvature, is representative of the microstructure of the core layers
(z ≈ 0.85 mm to z ≈ 2.16 mm).
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Figure 6.20: µ-CT observation of a hybrid continuous-discontinuous glass/carbon fibre
SMC specimen extracted in flow direction (0°): Interface.
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Investigations based on SEM allowed for deeper evaluation of the
interface of CoDico SMC at the microscopic scale, and the transition
zone can clearly be identified on the microscopic scale as shown in
Figure 6.21. In the transition zone, few fibres of the discontinuous
material were observed (Figure 6.21, marked in yellow).

500 µm

z

Co CF

Co CF

Dico GF

Resin-rich region

Figure 6.21: SEM observation of a hybrid continuous discontinuous glass/carbon fibre
SMC specimen (microscale).

The pushing apart of the continuous fibre bundles led to resin-rich
regions sporadically present at the surface, which also become macro-
scopically visible (Figure 6.22). For this reason, significant variations
of the thickness of the continuously reinforced shell layers must be
considered in predicting material properties. In addition, stitching
yarns (Figure 6.21, marked in blue) pervade the transition zone.
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10 mmx

y

Figure 6.22: Digital photography: top view of continuous-discontinuous glass/carbon
fibre SMC sheet (macroscale).

6.3 Mechanical properties and
failure at the coupon level

6.3.1 Tensile and compressive properties of
polyester-polyurethane hybrid resin

Elastic tensile and compressive properties (Et, νt and Ec) of pure
unsaturated polyester-polyurethane hybrid (UPPH) resin have been
determined in order to be able to analytically model material proper-
ties of the continuous carbon and discontinuous glass fibre SMC. In
addition, tensile and compressive strength (Rt and Rc) – as well as
strain at tensile failure (εmax,t) in combination with the stress-strain
evolution resulting from tensile and compressive loadings – allowed
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for characterisation of the failure and damage behaviour of the UPPH
resin system (Figure 6.23, Figure 6.24 and Table 6.4).
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Figure 6.23: Representative stress-strain curves resulting from uniaxial tension of
unsaturated polyester-polyurethane two-step curing hybrid resin system depicting
transverse and longitudinal strains.

For the UPPH resin system, tensile and compressive moduli of elas-
ticity did not significantly differ, reflecting the isotropic nature of the
polymer. Considering tensile strength, the specimens’ high porosity
led to significant variation of the sustained maximum load. If failure
was initiated at a pore, the measured strength was not considered for
the presented average mean value in Table 6.4.
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Exposed to uniaxial compression, pure resin specimens tend to bend
easily, due to the setup of testing and did not completely fail (Figure
6.24). Hence, compressive strength was determined as the maximum
sustained load before the bending factor b f exceeded 0.1.
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Figure 6.24: Representative stress-strain curves resulting from uniaxial compression of
unsaturated polyester-polyurethane two-step curing hybrid resin system.

Stress-strain evolution of the unsaturated polyester-polyurethane two-
step curing hybrid resin system resulting from uniaxial tension (Fig-
ure 6.23) or compression (Figure 6.24) was characterised by a linear
elastic region in the beginning, followed by a gradual decrease in
stiffness and a brittle and abrupt failure for tensile loadings.
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6.3 Mechanical properties and failure at the coupon level

Table 6.4: Tensile and compressive properties of unsaturated polyester-polyurethane
two-step curing hybrid resin system with tensile and compressive modulus of elasticity
(Et and Ec), Poisson’s ratio (νt), tensile and compressive strength (Rt and Rc) and tensile
failure strain (εmax,t) corresponding to the strain at a load drop to 0.8 · Fmax . Variable
n indicates number of evaluated specimens.

Et νt Rt εt,max Ec Rc

(n=3) (n=3) (n=3) (n=3) (n=6) (n=3)
x̄ 3.45 GPa 0.38 75 MPa 3.0 % 3.06 GPa 111 MPa
µ 0.2 GPa 0.01 9 MPa 0.7 % 0.06 GPa 1 MPa
CV 4.4 % 1.6 % 11.9 % 21.4 % 2.0 % 1.1 %

6.3.2 Process-induced material properties
of discontinuous glass fibre SMC

Generally chopped, discontinuous fibre reinforced materials, such
as standard SMC, are characterised by an extremely heterogeneous
microstructure, which arises due to manufacturing. The movement
of the conveyor belt (Trauth et al., 2017a) – but more importantly
the flow during moulding and the initial mould coverage – force
the fibrous reinforcement to align in the flow direction, leading to
a non-random fibre orientation (Chen and Tucker, 1984; Le et al.,
2008). As a consequence, anisotropic material properties must be
considered, and experimental characterisation has to be realised for
specimens extracted in different directions with respect to manufac-
turing or flow direction (Dumont et al., 2007; Trauth et al., 2017a).
The heterogeneous fibre orientation and fibre distribution may affect
the measured modulus of elasticity depending on specimen geometry
(Varna et al., 1992).
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In addition, characterisation of long fibre reinforced composites,
such as SMC, are determined by an important scatter of material
properties, especially considering strength (Shirrell, 1983), which
arises from the heterogeneous microstructure (Shirrell, 1985).

In the following, 0° refers to the flow direction of the semi-finished
material within the rectangular mould. The coordinate system of the
square mould was defined with the 0°-axis and 90°-axis parallel to
the edges, equal for every sheet.

6.3.2.1 Tensile and compressive properties of discontinuous
glass fibre SMC - mechanical performance

Uniaxial tensile and compression tests were carried out to define
the mechanical material behaviour and process-induced anisotropy
of discontinuous glass fibre SMC. Specimens have been extracted
from the flow and charge region of one and two-dimensionally flown
sheets in 0° and 90° with respect to material flow during compression
moulding, to determine a possible influence of material flow on
mechanical properties.

In the case of a two-dimensional (2D) flow, realised by placing the
charge in the middle of a square mould (Figure 3.4), no signifi-
cant variations in terms of tensile modulus of elasticity and tensile
strength could be observed with respect to the orientation of the spec-
imen (Figure 6.25). Flow region specimens showed slightly increased
tensile moduli of elasticity and tensile strength in 0° as well as in 90°.
Hence, it can be concluded that material flow marginally reoriented
fibre bundles in the flow direction. With no distinction between
charge and flow region specimens, tensile modulus of elasticity in 0°
was equal to 11.8 GPa (µ = 1.2 GPa, CV = 10.1 %). For 90° specimens,
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6.3 Mechanical properties and failure at the coupon level

the average mean value was 11.3 GPa (µ = 0.8 GPa, CV = 7.1 %).
Tensile strength was 158 MPa (µ = 20 MPa, CV = 12.9 %) and 151 MPa
(µ = 15 MPa, CV = 10.3 %) in 0° and 90°, respectively.
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Figure 6.25: Tensile modulus of elasticity and tensile strength of discontinuous glass
fibre SMC, 2D flow with approximately 35 % initial mould coverage. Longitudinal
strains were measured with an extensometer, gauge length = 70 mm (• = median,
+ = arithmetic mean value, box = 25th to 75th percentile; lines indicate minimum and
maximum or a 1.5 interquartile range, respectively).

In contrast to the planar isotropic material properties resulting from a
two-dimensional (2D) flow of the semi-finished material during com-
pression moulding, a one-dimensional (1D) flow in the rectangular
mould (Figure 3.3) led to a considerable anisotropy of the material’s
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tensile stiffness and strength (Figure 6.26), with flow region speci-
mens showing slightly better mechanical performance compared to
specimens extracted from the charge region. However, the difference
in mechanical performance depending on the location of the speci-
men was marginal and is of no technical consequence compared to
the general scatter in the SMC material’s properties.
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Figure 6.26: Tensile modulus of elasticity and tensile strength of discontinuous glass
fibre SMC, 1D flow with approximately 35 % initial mould coverage (• = median,
+ = arithmetic mean, box = 25th to 75th percentile; coloured lines indicate minimum
and maximum or 1.5 interquartile range, respectively).

To evaluate the anisotropy quantitatively, a factor of anisotropy ( fA)
was introduced. It is defined by the ratio of the material’s property in
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6.3 Mechanical properties and failure at the coupon level

the flow direction to the property perpendicular to the flow direction,
and it reads, for example for the tensile modulus of elasticity,

fA =
Et,0°

Et,90°
. (6.1)

The resulting factor of anisotropy of 1D Dico GF SMC in terms of
tensile modulus of elasticity was equal to fA = 1.38 (0°: x̄ = 13.1 GPa,
µ = 0.9 GPa, CV = 6.8 % and 90°: x̄ = 9.5 GPa, µ = 1.0 GPa, CV = 10.8 %).
Anisotropy in terms of tensile strength could be characterised by a
factor of fA = 1.96, with an average strength of 177 MPa (µ = 30 MPa,
CV = 17.2 %) in flow and 90 MPa (µ = 24 MPa, CV = 26.3 %) perpen-
dicular to flow. Poisson’s ratio of specimens extracted in the flow
direction was equal to 0.37 (µ = 0.02, CV = 5.5 %), and with a value
of 0.28 (µ = 0.04, CV = 13.4 %), Poisson’s ratio was slightly lower if
the load was applied on specimens extracted perpendicular to the
flow direction.

Specimens extracted parallel to flow (0°) showed higher elongation at
tensile strength (εR,t: x̄ = 1.6 %, µ = 0.3 %, CV = 18.8 %) and failure
strain (εmax,t: x̄ = 1.6 %, µ = 0.3 %, CV = 18.8 %) compared to 90°
specimens (εR,t: x̄ = 1.2 %, µ = 0.3 %, CV = 26.6 %, εmax,t: x̄ = 1.2 %,
µ = 0.3 %, CV = 26.3 % Figure 6.27). Considering the influence of the
specimens’ location, charge region specimens showed slightly lower
failure strain than did flow region specimens (−10 %). However, due
to the high scatter, this difference is not significant. Regardless of
flow condition during compression moulding, the considered discon-
tinuous glass fibre SMC exhibited a significant positive correlation
between tensile modulus of elasticity and tensile strength (Figure
6.25, Figure 6.26 and Figure 6.27).
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Figure 6.27: Transverse and longitudinal stress-strain curves resulting from uniaxial
tension of discontinuous glass fibre SMC (Dico GF SMC) in 0° and 90°.

No significant difference was observed for compressive properties
in terms of stiffness and strength between charge and flow region
specimens. The average compressive modulus of elasticity of speci-
mens extracted in the flow direction (0°) was 12.6 GPa (µ = 0.9 GPa,
CV = 6.9 %). Specimens extracted perpendicular to the flow direction
(90°) featured an average compressive modulus of elasticity of 9.2 GPa
(µ = 1.4 GPa, CV = 14.7 %). Corresponding average strength was
298 MPa (µ = 33 MPa, CV = 11.1 %) in 0° and 224 MPa (µ = 24 MPa,
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6.3 Mechanical properties and failure at the coupon level

CV = 10.6 %) in 90°. Anisotropy could be defined by a ratio of 1.37 and
1.33. Compressive modulus of elasticity and compressive strength
showed a positive correlation (Figure 6.28).
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Figure 6.28: Compressive modulus of elasticity and compressive strength of discon-
tinuous glass fibre SMC, 1D flow with approximately 35 % initial mould coverage
(• = median, + = arithmetic mean, box = 25th to 75th percentile; lines indicate
minimum and maximum or 1.5 interquartile range, respectively, ◦ = outlier).

Compared to uniaxial tension, strain at compressive strength, εR,c,
and compressive failure strain, εmax,c, were significantly increased in
0° and 90° (Figure 6.29, 0°: εR,c: x̄ = 2.8 %, µ = 0.2 % CV = 8.2 %, εmax,c:
x̄ = 2.8 %, µ = 0.2 %, CV = 7.9 % and 90°: εc,R: x̄ = 3.2 %, µ = 0.4 %
CV = 12.8 %, εmax,c: x̄ =3.3 %, µ = 0.4 %, CV = 12.6 %).
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Considering the aforementioned results, the UPPH-based Dico GF
SMC composite was characterised by significant tension-compression
anisotropy in terms of strength.
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Figure 6.29: Stress-strain curves resulting from uniaxial compression of discontinuous
glass fibre SMC (0° and 90°).

6.3.2.2 Flexural properties of discontinuous glass fibre SMC

Figure 6.30 depicts the flexural properties (three-point bending) of
Dico GF SMC. The flexural properties were investigated for speci-
mens extracted from flow region (0° and 90°) with a span-to-thickness
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6.3 Mechanical properties and failure at the coupon level

ratio of 32:1. No significant difference of flexural modulus of elasticity
of discontinuous glass fibre SMC compared to tensile and compres-
sive modulus of elasticity was observed in 0° nor in 90° (Table 6.5).
Flexural strength was significantly higher than tensile strength, but
lower than compressive strength. Although three-point bending leads
to a very localised heterogeneous stress state within the specimen,
variations in terms of flexural strength were not significantly higher
compared to the variation in the experimental results of tensile and
compressive strength (Table 6.5).

Table 6.5: Flexural properties of discontinuous glass fibre SMC for a span-to-thickness
ratio (L/h) = 32:1 with flexural modulus of elasticity (E f ) and flexural strength (R f ).
Calculations of εR, f and εmax, f based on corrections proposed in DIN EN ISO 14125
(1998) and described in Equations 4.4 and 4.3. Variable n indicates number of evaluated
specimens.

Flow region Flow region Flow region Flow region
0° 90° 0° 90°

E f (n=6) (n=6) R f (n=6) (n=6)
x̄ in GPa 12.6 9.1 x̄ in MPa 283 170
µ in GPa 0.8 0.3 µ in MPa 29 19
CV in % 6.4 3.3 CV in % 10.2 11.0

εR, f (n=6) (n=6) εmax, f (n=6) (n=6)
x̄ in % 2.7 2.4 x̄ in % 2.9 2.6
µ in % 0.3 0.3 µ in % 0.4 0.4
CV in % 12.3 13.8 CV in% 14.7 15.6

187



6 Results

8 10 12 14

100

150

200

250

300

350

Flexural modulus of elasticity in GPa

Fl
ex

ur
al

st
re

ng
th

in
M

Pa

Flow region 0◦

Flow region 90◦

Figure 6.30: Flexural modulus of elasticity and flexural strength of discontinuous
glass fibre SMC, 1D flow with approximately 35 % initial mould coverage for a
span-to-thickness ratio (L/h) of 32:1 (• = median, + = mean, box indicates 25th

to 75th percentile; lines indicate minimum and maximum or 1.5 interquartile range,
respectively, ◦ = outlier).

With a factor of anisotropy of fA = 1.38 and fA = 1.67 in terms
of flexural modulus of elasticity and flexural strength, respectively,
orientation dependent material properties were evident. A positive
correlation could be observed for the flexural modulus of elasticity
and flexural strength for specimens in 0° and 90°. Representative
stress-strain responses resulting from three-point bending of discon-
tinuous glass fibre SMC specimens extracted in flow direction as well
as perpendicular to flow are depicted in Figure 6.31. The flexural
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response was characterised by an initially linear increase, followed
by a non-linear stress-strain evolution resulting from a stiffness de-
crease at the very end of loading. The transition from linear to non-
linear stress-strain evolution is shifted to higher strains, compared
to tensile loadings. Discontinuous glass fibre SMC exposed to three-
point bending was able to maintain high deflections (Table 6.5). De-
viation between strain at flexural strength (εR, f ) and strain at failure
(εmax, f ) was marginal (Table 6.5).
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Figure 6.31: Stress-strain curves resulting from three-point bending (L/h = 32:1) of
discontinuous glass fibre SMC (Dico GF SMC) in 0° and 90°.
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6.3.3 In-plane loading of SMC composites

The following section deals with mechanical performance of Dico
GF SMC, Co CF SMC and hybrid CoDico SMC exposed to uniaxial
tension and compression. Damage mechanisms and failure evolution
types are also displayed. In the following, "in fibre direction" refers
to the axis parallel to the fibres of the continuous SMC composite
(0°). In the same manner, and with regard to the orientation of local
reinforcement of the hybrid CoDico SMC, 0° corresponds to the flow
direction of the discontinuous material.

6.3.3.1 Tensile and compressive properties of discontinuous
glass fibre SMC - material behaviour

Figure 6.32 shows representative stress-strain curves which resulted
from uniaxial tensile or compressive loading of a discontinuous glass
fibre SMC extracted parallel to flow direction. With no distinc-
tion between charge and flow region specimens, tensile modulus
of elasticity was 13.1 GPa (µ = 0.9 GPa, CV = 6.8 %) for discontinu-
ous glass fibre SMC. Generally, Dico GF SMC exhibited comparable
tensile and compressive moduli of elasticity (Ec : x̄ = 12.6 GPa,
µ = 0.9 GPa, CV = 6.9 %). However, compressive strength was sig-
nificantly higher than tensile strength (increase of average strength
of 70 % and 140 % for 0° and 90° specimens, respectively). The afore-
mentioned tensile-compression asymmetry manifested not only in a
significantly increased compressive strength compared to maximum
sustained tensile stress, but also due to a meaningful increase of strain
at compressive strength (εR,c ≈ 1.8 · εR,t) and strain at compressive
failure (εmax,c ≈ 1.8 · εmax,t) as depicted in Figure 6.32. Failure
evolution did not significantly differ and after a linear increase up to
εt ≈ 0.5 % and εc ≈ 1.0 %, stress-strain responses showed a gradual
stiffness decrease up to brittle failure.
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Figure 6.32: Representative stress-strain curves resulting from uniaxial tension and
compression of discontinuous glass fibre SMC in 0°. Linear fit indicates the linear
elastic material behaviour in the beginning of loading.

Figure 6.33 depicts a representative tensile stress-strain response
of a Dico GF SMC specimen to further investigate damage
evolution resulting from uniaxial tension. Strain fields, corresponding
to selected points of the stress-strain curve (A – L), are shown in
Figures 6.34 and 6.35.
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Figure 6.33: Representative σ− ε curve resulting from uniaxial tension of discontinuous
glass fibre SMC in 0°. Strain fields corresponding to points A – L are depicted in Figure
6.34 and Figure 6.35.

The slightly macroscopic non-linearity of the stress-strain evolution
for tensile strains larger than ≈ 0.5 %, was caused by the evolving
damage of the specimen. As depicted in Figure 6.34 and Figure
6.35, the resulting strain field was homogeneous at the beginning of
loading (point A). In point B, a local strain concentration on the left
side of the specimen already indicated the location of final failure.
The heterogeneity of the strain field evolved with a further increase
in stress (point B – D). Local strain concentrations indicated highly
localised damage of the Dico GF SMC specimen, linked to the for-
mation and growth of matrix cracks perpendicular to loading, which
was the main characteristic of the evolving damage in the Dico SMC
exposed to tensile loads (point D). Crack growth was localised and
occurred spontaneously (point B → C and point D → E). The two
major cracks in the middle of the specimen grew from the edges to
the centre of the specimen, agglomerated and led to final failure.
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Figure 6.34: Strain fields (part I) resulting from uniaxial tension of discontinuous glass
fibre SMC with the corresponding stress-strain evolution depicted in Figure 6.33.
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Figure 6.35: Strain fields (part II) resulting from uniaxial tension loading of discontinu-
ous glass fibre SMC with the corresponding stress-strain evolution depicted in Figure
6.33. Arrows indication location of cracks.
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Macroscopic post-mortem observation of a damaged SMC specimen,
highlighted that interface failure between matrix and fibre bundles
in terms of pseudo-delamination and pull-out of fibres bundles were
dominating failure mechanisms (Figure 6.36).

Observation on the microscale by means of scanning electron
microscopy (SEM) of a fractured surface (Figure 6.37) clearly shows
matrix cracks, tending to align perpendicular to loading direction,
at the surface of the specimen close to the damage zone. In the shell
layers, which do not show the characteristic bundle structure,
some individual fibres failed due to fibre breakage. In the core layers,
interface failure (debonding) between the fibre bundles and matrix
dominated the evolving damage (pseudo-delamination). Fibre break-
age was only a secondary failure mechanism, as interface failure
in the fracture zone was more likely to lead to a pull-out of entire
fibre bundles.

10 mm

5 mmPseudo-delamination

Pulled-out fibre bundles
Loading direction

x

z

Figure 6.36: Macroscopic observation of fractured (post-mortem) discontinuous glass
fibre SMC specimen (0◦), which was exposed to uniaxial tension; side view (black
colouration due to specimen preparation and for image correlation applied speckle
pattern).
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Figure 6.37: Microscopic observation (SEM) of fractured (post-mortem) discontinuous
glass fibre SMC specimen (0°), which was exposed to uniaxial tension.

The stress-strain curve resulting from uniaxial compression of dis-
continuous glass fibre SMC, depicted in Figure 6.32, remained linear
up to a compressive strain of ≈ 1 % before a slight decrease indi-
cated initiation and evolution of failure within the specimen. Shortly
before brittle fracture, stiffness decrease became more distinct. Dom-
inating failure mechanism of Dico GF SMC composites exposed to
compression was once again interface failure (pseudo-delamination).
However, compared to tensile loading, significantly fewer planes of
delamination were observed in post-mortem specimens. Compressive
loading also led to shearing within the specimen due to broken fibres
(Figure 6.38).
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Figure 6.38: Macroscopic observation of fractured (post-mortem) discontinuous glass
fibre SMC specimens (0◦), which were exposed to uniaxial compression; side view.

6.3.3.2 Tensile and compressive properties
of continuous carbon fibre SMC

In the following section, uniaxial tensile and compressive properties
of continuous carbon fibre SMC in the fibre direction (0°) are pre-
sented, and failure evolution is described. Figure 6.39 summarises
the tensile and compressive modulus of elasticity and tensile and
compression strength of Co CF SMC loaded in the fibre direction.
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Figure 6.39: Tensile and compressive moduli of elasticity and tensile and compressive
strength of continuous carbon fibre SMC in fibre direction (• = median, + = mean,
box = 25th to 75th percentile; lines indicate minimum and maximum or 1.5 interquartile
range, respectively).

Tensile modulus of elasticity of Co CF SMC exhibited a very high scat-
ter (minimum measured stiffness = 97.5 GPa, maximum measured
stiffness = 122.1 GPa). The same held true for tensile strength, which
ranged from 1130 MPa to 1685 MPa. With a significantly lower com-
pressive strength (Rc ≈ 0.4 · Rt), Co CF SMC was more sensitive
to compressive loadings than to uniaxial tension (Figure 6.40 and
Table 6.6). Tensile modulus of elasticity and tensile strength showed
a slight positive correlation. No correlation could be observed for
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compressive modulus of elasticity and compressive strength. The
stress-strain evolution of continuous carbon fibre SMC loaded in ten-
sion or compression in the fibre direction was characterised by a
steady increase of strain with increasing stress from beginning of
loading until fracture (Figure 6.40). Continuous carbon fibre SMC
experienced brittle failure.
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Figure 6.40: Stress-strain curves resulting from uniaxial tension and compression of
continuous carbon fibre SMC (Co CF SMC) in 0◦.
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Two slightly different failure evolutions were observed if Co CF SMC
was exposed to uniaxial tension. In the first case (type I), failure was
characterised by splitting and individual fibre bundles failed in a very
short time period due to inter-fibre fractures, which were reflected
by small load drops in the stress-strain curve. Although it partially
failed, the specimen could still maintain further loads. However, as
soon as a critical load was reached, tensile specimens abruptly burst
(Figure 6.41). Specimens, characterised by fibre misalignment were
most likely to fail in the aforementioned way.
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Figure 6.41: Damage evolution resulting from uniaxial tensile loading of continuous
carbon fibre SMC. Failure was linked to inter-fibre fractures favoured due to fibre
misalignment initiated at the edges.
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Figure 6.42 depicts a representative stress-strain curve of the afore-
mentioned failure type I of Co CF SMC, and significant points in
stress-strain evolution are defined by the letters a – h. The cor-
responding images are shown in Figure 6.43. Failure is generally
initiated at the edges, most likely due to misaligned fibre bundles
(Figure 6.43 b and d). Failure progresses due to the growth of
inter-fibre fractures and formation of new (inter-fibre) cracks
(Figure 6.43 c, e, f and g).
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Figure 6.42: Representative tensile stress-strain curve of continuous carbon fibre SMC
(Co CF SMC, 0°), which gradually failed. Images corresponding to points a – f are
depicted in Figure 6.43.
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Figure 6.43: Damage evolution resulting from uniaxial tensile loading of continuous
carbon fibre SMC in 0°, corresponding stress-strain response depicted in Figure 6.42.
Arrows indicate locations of crack initiation.
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The second type of failure of Co CF SMC was characterised by a
spontaneous bursting of the specimen without indication and no pre-
ceding inter-fibre fractures visible at the macroscopic scale. A rep-
resentative stress-strain evolution is depicted in Figure 6.44, and the
strain fields corresponding to points A – F are shown in Figure 6.45.
Uniaxial tension resulted in an anisotropic strain field considering
strains in the x− and y− directions. Evolving strain fields were influ-
enced by the paths of the stitching yarns (Figure 6.45) and were loc-
ally heterogeneous. Figure 6.46 summarises the failure mechanisms
important to consider if continuous carbon fibre SMC is exposed to
uniaxial tension.
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Figure 6.44: Representative tensile stress-strain curve of continuous carbon fibre SMC
(Co CF SMC, 0°), which spontaneously failed. Corresponding strain fields in points
A – F are depicted in Figure 6.41.
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Figure 6.45: Evolution of strain field resulting from uniaxial tension of continuous
carbon fibre SMC. E: resulting strain field with superposed pattern of stitching yarns.
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Figure 6.46: Macroscopic observation of fractured (post-mortem) continuous carbon
fibre SMC specimens (0°), which were exposed to uniaxial tension (top view).
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Uniaxial compression of Co CF SMC led to a linear increase of strain
with increasing stress until fracture (Figure 6.40). The specimens
failed abruptly at very low failure strains due the minimal load-
bearing capacity of carbon fibres. Fibre buckling and fibre fractures
dominated failure evolution. Compressive failure was also linked
to delamination, and fractured specimens showed sheared layers of
continuous carbon fibre SMC (Figure 6.47).
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Figure 6.47: Macroscopic observation of fractured (post-mortem) continuous carbon
fibre SMC specimens (0°), which were exposed to uniaxial compression (side view).

Tensile and compressive moduli of elasticity of Co CF SMC loaded
perpendicular to fibre direction did not significantly differ (Figure
6.48). In addition, with respect to the pure UPPH resin, the fibrous
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6.3 Mechanical properties and failure at the coupon level

reinforcement did not lead to an enhanced tensile strength if loaded
perpendicular to the fibres (Table 6.6). In general, tensile and com-
pressive properties of Co CF SMC perpendicular to fibre direction
were strongly determined by the properties of the UPPH resin. Com-
pared to the pure resin specimens, elongation at tensile strength (εR,t)
and elongation at (tensile) failure (εmax,t) were significantly decreased
due to the fibrous reinforcement (Figure 6.48).
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Figure 6.48: Stress-strain curves resulting from uniaxial tension and compression of
continuous carbon fibre SMC (Co CF SMC) in 90° and representative stress-strain
curve resulting from uniaxial tension of unsaturated polyester-polyurethane hybrid
resin system.
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Table 6.6: Tensile and compressive properties of continuous carbon fibre SMC with
tensile and compressive modulus of elasticity (Et and (Ec), Poisson’s ratio (νt), tensile
and compressive strength (Rt and Rc), elongation at tensile or compressive strength
(εR) and failure strain (εmax) corresponding to a decrease of sustained load to 0.8 · Fmax

of the preceding Fmax . Variable n indicates number of evaluated specimens.

Tension Compression Tension Compression
0° 0° 90° 90°

E (n=19) (n=5) (n=11) (n=8)
x̄ in GPa 110.1 91.4 8.3 7.5
µ in GPa 6.1 3.0 0.2 0.3
CV in % 5.6 3.3 2.2 3.5

νt (n=19) - (n=11) -
x̄ - 0.32 - 0.03 -
µ - 0.02 - 0.02 -
CV in % 5.3 - 52.0 -

R (n=19) (n=5) (n=11) (n=8)
x̄ in MPa 1424 567 34 163
µ in MPa 162 31 5 9
CV in % 11.3 5.4 13.7 5.4

εR (n=19) (n=3) (n=9) (n=8)
x̄ in % 1.3 0.6 0.4 2.9
µ in % 0.1 0.1 0.1 0.2
CV in % 6.8 9.3 25.4 7.3

εmax (n=19) (n=3) (n=9) (n=8)
x̄ in % 1.3 0.6 0.4 2.9
µ in % 0.1 0.05 0.1 0.2
CV in % 6.0 7.5 25.4 6.5
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6.3 Mechanical properties and failure at the coupon level

6.3.3.3 Tensile and compressive properties of continuous-
discontinuous glass/carbon fibre SMC

In order to determine the effect of a continuous reinforcement of
discontinuous glass fibre SMC, hybrid SMC sheets featuring a dis-
continuous glass fibre reinforced core and two continuously carbon
fibre reinforced face sheets have been considered for tensile and
compression testing. Allowing for a valuable comparison, mechanical
testing was carried out with the same specimen geometry and testing
parameters. Tensile and compressive properties of hybrid CoDico
SMC mechanically loaded in fibre direction of the continuous re-
inforcement (0°) are depicted in Figure 6.49. Notably, in contrast
to the pure discontinuous glass fibre SMC, the material flow during
compression moulding affected the mechanical performance and flow
region specimens of the hybrid SMC showed slightly lower tensile
and compressive stiffness. Although the variations were not signifi-
cant, they are a first indication that material flow of the discontinuous
SMC composite may influence mechanical performance of hybrid
SMC composites. The slight decrease in tensile strength (−10 %),
observed for discontinuously reinforced SMC flow region specimens
(Figure 6.26) was less important due to the hybridisation (−5 %).
In addition, all aforementioned observations were superimposed by
a significant scatter in experimental results. The hybrid CoDico
GF/CF SMC composite was characterised by a tension-compression
anisotropy with tensile modulus of elasticity and tensile strength
being significantly higher than the compressive counterparts (Figure
6.49). With no distinction between charge and flow region specimens,
Ec ≈ 0.87 · Et and Rc ≈ 0.55 · Rt (Table 6.7). These variations reflect
the material properties of the continuous carbon fibre SMC described
in section 6.3.3.2, but are less pronounced. Whereas tensile modulus
of elasticity and tensile strength showed a positive correlation, no

209



6 Results

relation was observed in terms of uniaxial compression. If loaded
perpendicular to the fibre direction of the continuous reinforcement
(90°), tensile and compressive moduli showed no significant differ-
ence. Comparable to the properties of pure continuous carbon fibre
SMC loaded perpendicular to fibre direction, compressive strength
was higher than tensile strength (Figure 6.50).
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Figure 6.49: Tensile and compressive moduli of elasticity and tensile and compressive
strength of continuous-discontinuous glass/carbon fibre SMC in fibre direction, 0°,
(• = median, + = mean, box = 25th to 75th percentile; lines indicate minimum and
maximum or 1.5 interquartile range, respectively).
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6.3 Mechanical properties and failure at the coupon level

Specimens extracted from the flow region in 90° showed marginally
higher mechanical properties in terms of tensile stiffness and strength
(Figure 6.50 and Table 6.8), as compared to charge region specimens.
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Figure 6.50: Tensile and compressive moduli of elasticity and tensile and compressive
strength of continuous-discontinuous glass/carbon fibre SMC perpendicular to fibre
direction, 90°, (• = median, + = mean, box = 25th to 75th percentile; lines indicate
minimum and maximum or 1.5 interquartile range, respectively, ◦ = outlier).

Specimens featuring a higher tensile modulus of elasticity also tended
to show increased tensile strength, and a slight positive correla-
tion was observed in terms of tensile loading. No correlation was
observed between compressive modulus of elasticity and
compressive strength.
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Table 6.7: Tensile and compressive properties of continuous-discontinuous
glass/carbon fibre SMC in fibre direction of the continuous component with tensile
and compressive modulus of elasticity (E), Poisson’s ratio (νt), tensile and compressive
strength (R), elongation at tensile or compressive strength (εR) and failure strain (εmax)
corresponding to a decrease of sustained load to 0.8· preceding Fmax . Variable n
indicates number of evaluated specimens.

Tension Tension Compression Compression
Charge region Flow region Charge region Flow region

0° 0° 0° 0°

E (n=10) (n=16) (n=5) (n=5)
x̄ in GPa 36.3 34.6 31.7 29.7
µ in GPa 3.2 2.4 2.3 1.7
CV in % 8.9 6.9 7.3 5.8

νt (n=10) (n=16) - -
x̄ - 0.37 0.37 - -
µ - 0.02 0.02 - -
CV in % 5.3 4.3 - -

R (n=10) (n=16) (n=5) (n=5)
x̄ in MPa 532 509 302 281
µ in MPa 58.6 60.2 42.5 56.4
CV in % 11.0 11.8 15.5 20.1

εR (n=5) (n=10) - -
x̄ in % 1.5 1.5 - -
µ in % 0.1 0.1 - -
CV in % 8.6 5.8 - -

εmax (n=5) (n=10) - -
x̄ in % 1.5 1.5 - -
µ in % 0.1 0.1 - -
CV in % 7.6 5.9 - -
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6.3 Mechanical properties and failure at the coupon level

Table 6.8: Tensile and compressive properties of continuous-discontinuous
glass/carbon fibre SMC perpendicular to fibre direction of the continuous component
with tensile and compressive modulus of elasticity (E), Poisson’s ratio (νt), tensile and
compressive strength (R), elongation at tensile or compressive strength (εR) and failure
strain (εmax) corresponding to a decrease of sustained load to 0.8· preceding Fmax .
Variable n indicates number of evaluated specimens.

Tension Tension Compression Compression
Charge region Flow region Charge region Flow region

90° 90° 90° 90°

E (n=10) (n=12) (n=6) (n=6)
x̄ in GPa 8.5 9.0 8.0 8.4
µ in GPa 0.5 0.6 0.2 0.5
CV in % 5.5 6.7 2.2 5.7

νt (n=10) (n=12) - -
x̄ - 0.1 0.1 - -
µ - 0.01 0.01 - -
CV in % 8.2 5.8 - -

R (n=10) (n=12) (n=6) (n=6)
x̄ in MPa 58 74 186 180
µ in MPa 9.2 16.3 9.2 9.4
CV in % 15.7 22.1 5.0 5.2

εR (n=8) (n=10) (n=6) (n=6)
x̄ in % 1.0 1.2 3.0 2.7
µ in % 0.2 0.3 0.2 0.2
CV in % 24.6 25.6 6.8 7.8

εmax (n=8) (n=10) (n=6) (n=6)
x̄ in % 1.0 1.2 3.0 2.8
µ in % 0.2 0.3 0.2 0.3
CV in % 23.1 26.0 7.0 9.4
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6 Results

Figure 6.51 shows representative tensile stress-strain curves of hybrid
CoDico GF/CF SMC in 0° and 90°. In qualitative terms, uniaxial
tension in the fibre direction of the continuous component (0°) led to
a stress-strain evolution comparable to the behaviour of pure continu-
ously carbon fibre reinforced SMC. Hence, the continuous component
determined the evolution of the stress-strain response. For some
specimens, small load drops indicated, that failure evolved partially.
However, final failure was characterised by an abrupt and brittle
fracture of the specimens.
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Figure 6.51: Representative stress-strain curves resulting from uniaxial tension of
continuous-discontinuous glass/carbon fibre SMC (CoDico GF SMC) in 0° and 90°.
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6.3 Mechanical properties and failure at the coupon level

Loaded perpendicular to the fibre direction of the continuous com-
ponent (90°), the stress-strain curve of hybrid CoDico GF/CF SMC
showed a linear evolution up to an elongation of εt ≈ 0.5 %, followed
by a gradual decrease and brittle failure. The decrease in stiffness
slightly reflected the behaviour of the discontinuous component.
Assuming that the discontinuous core maintained tensile loads
after failure of the continuous face sheets, hybridisation increased
tensile strength and tensile failure strain compared to pure
Co CF SMC (Figure 6.52).
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Figure 6.52: Representative stress-strain curves resulting from uniaxial tension of
continuous carbon fibre SMC (Co CF SMC), discontinuous glass fibre SMC (Dico GF
SMC) and continuous-discontinuous glass/carbon fibre SMC (CoDico GF/CF SMC) in
90°.
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6 Results

In the following, the damage evolution of a hybrid CoDico GF/CF
SMC loaded in fibre direction of the continuous component (0°) is
considered in detail. For this purpose, Figure 6.53 depicts a repre-
sentative tensile stress-strain curve, and strain fields corresponding
to distinct points (A – H) are shown in Figure 6.54.
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Figure 6.53: Representative σ− ε curve resulting from uniaxial tension of continuous-
discontinuous glass/carbon fibre SMC in 0°. Corresponding strain fields to points A –
H are depicted in Figure 6.54.

As depicted in Figure 6.54, strains resulting from deformation in x−
and y− directions (εxx and εyy) showed a homogeneous evolution
at the beginning of loading (point A). As load increased, lateral
strains (εyy) became highly heterogeneous (point B) and reflected
the pattern of the stitching yarns (Figure 6.56). Strain localisations
at the edges of the specimen indicate points of failure initiation
(point C). In these mostly resin-rich regions, where continuous carbon
fibre bundles were sheared and pushed apart during compression
moulding such that the discontinuous glass fibre SMC was locally no
longer reinforced, uniaxial tension led to elevated lateral strains.
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6.3 Mechanical properties and failure at the coupon level

Furthermore, the indicated sections were characterised by misaligned
fibre bundles, coinciding with the edge of the specimen.
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Figure 6.54: Evolving strain field resulting from uniaxial tension of continuous-
discontinuous glass/carbon fibre SMC.
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Figure 6.55 shows a representative CoDico SMC tensile specimen,
which is characterised by fibre misalignment in the face sheets and
resin-rich regions at the surface resulting from manufacturing.

Initiated by inter-fibre fracture, the sudden appearance and growth
of cracks was linked to small load drops in the stress-strain curve,
indicating partial failure of the specimen (point D). However, the
specimen was still able to maintain further load, and the stress-strain
curve still showed an increasing evolution. In the following, inter-
fibre fractures propagated easily (Figure 6.54 points E – H). Crack
propagation and splitting between individual carbon fibre bundles
was linked to a macroscopic interlaminar delamination between the
discontinuous and continuous component. With a further increase in
load, the hybrid continuous-discontinuous SMC specimen was thus
partially weakened, and the final macroscopic failure was marked
by a brittle fracture based on fibre fractures of the continuous com-
ponent and local failure of the discontinuous part due to pseudo-
delamination (Figure 6.57).
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Figure 6.55: Representative tensile specimen of hybrid continuous/discontinuous
glass/carbon fibre SMC specimens showing misaligned carbon fibres and pushed apart
of carbon fibre bundles.
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Figure 6.56: Superposition of strain field resulting from uniaxial tension of continuous-
discontinuous glass/carbon fibre SMC with pattern of stitching yarns.

Figures 6.58 and 6.59 depict a side view and a top view of fractured
(post-mortem) CoDico GF/CF SMC specimens. The multiple failure
mechanisms described in the preceding section are clearly visible.
In addition, delamination between the continuous and discontinuous
component (interlaminar delamination) and within the continuous
component (intralaminar delamination) can be clearly seen. In Fig-
ure 6.60, spalling of the matrix can also be identified as a result of
evolving damage.
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Figure 6.57: Damage evolution resulting from uniaxial tension of continuous-
discontinuous glass/carbon fibre SMC.
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Figure 6.58: Fractured (post-mortem) hybrid continuous-discontinuous glass/carbon
fibre SMC specimen which was exposed to uniaxial tension, side view.
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Figure 6.59: Fractured (post-mortem) hybrid continuous-discontinuous glass/carbon
fibre SMC specimen which was exposed to uniaxial tension, top view.
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Figure 6.60: Fractured (post-mortem) hybrid continuous-discontinuous glass/carbon
fibre SMC specimen which was exposed to uniaxial tension, top view (2).

Scanning electron microscopy (SEM) investigations of a post-mortem
specimen showed that macroscopically visible inter-bundle fractures
were accompanied by inter-fibre fractures of the continuous material
(Figure 6.61 and Figure 6.62). In addition, matrix cracks, which grow
perpendicular to the tensile direction, were present (Figure 6.61).

Interface failure between fibres and matrix as well as breakage of
individual glass fibres determined failure of the discontinuous com-
ponent in the transition zone. Within the core, the discontinuous ma-
terial mainly failed due to intralaminar pseudo-delamination, hence
matrix cracking and interface failure. Figure 6.61 depicts a fractured
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6.3 Mechanical properties and failure at the coupon level

CoDico SMC specimen with a higher magnification, which allows
one to clearly identify inter-fibre fractures within the continuous
component, not only present on a bundle scale but also separating
individual carbon fibre filaments.
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Figure 6.61: Detailed SEM observation of continuous component of fractured (post-
mortem) continuous-discontinuous glass/carbon fibre SMC which was exposed to
uniaxial tension.
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Figure 6.62: SEM investigation of fractured (post-mortem) continuous-discontinuous
glass/carbon fibre SMC specimen which was exposed to uniaxial tension.

In the following, the damage evolution and failure mechanisms of
hybrid CoDico SMC exposed to uniaxial compression are described.
The representative stress-strain curve depicted in Figure 6.63 refers
to the displacement of the crosshead. Due to the early and partial
failure of the continuous face layers, strain measurement with the
tactile clip-on extensometer was not possible until fracture.

Comparable to the presentation of damage evolution resulting from
uniaxial tension, strain fields corresponding to significant points
of the representative compressive stress-strain curve are shown in
Figure 6.64.

If CoDico SMC (0°) was exposed to uniaxial compression, the re-
sulting strain field was slightly heterogeneous before first failure was
initiated (point A). In addition, the triangular shape of local strain
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6.3 Mechanical properties and failure at the coupon level

concentrations reflected the pattern of the stitching yarns (Figure 6.65
point A). Damage was initiated by an abrupt failure of continuous
carbon fibre bundles due to fibre fractures (point B) visible on the
macroscopic scale. The fibre fractures were followed by an inter-
fibre failure between different fibres, preferably between different
fibre bundles (point B and C). Fractured fibres led to a local inter-
laminar delamination (point D), to a spalling of the matrix and to
a progressive weakening of the specimen, which started to bend
slightly (point E). If the applied load exceeded the residual compres-
sive strength of the laminate, final failure was suddenly initiated. It
could mainly be characterised by intralaminar pseudo-delamination
of the discontinuous glass fibre SMC (point F). Localisation of fibre
and inter-fibre fractures as well as crack propagation were linked to
the pattern of the stitching yarns (Figure 6.65 point F).
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Figure 6.63: Representative stress-strain curve resulting from uniaxial compression
of continuous-discontinuous glass/carbon fibre SMC. Corresponding strain fields in
points A – F depicted in Figure 6.64 and magnification of selected strain fields in
Figure 6.65.
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Figure 6.64: Evolving strain fields and damage evolution (side and top view) resulting
from uniaxial compression of continuous-discontinuous glass/carbon fibre SMC.
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Figure 6.65: Strain field resulting from uniaxial compression of hybrid continuous-
discontinuous glass/carbon fibre SMC superposed by localisation and pattern of
stitching yarns, magnification of selected images of Figure 6.64.

Post-mortem observations of hybrid CoDico SMC specimens enabled
clear identification of the different stages of failure resulting from
uniaxial compression.

In Figure 6.66, the location of fibre fractures and resulting crack
propagation paths are clearly visible. Uniaxial compressive loading
also led to a localised spalling of the matrix. A side-view of fractured
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specimens (Figure 6.67) clearly depicts delamination between the
continuous and discontinuous component (interlaminar delamina-
tion), resulting from early fibre breakage of the continuous face
layers (Figure 6.64: points D – F). Failure of the Dico GF SMC in
the core of the hybrid CoDico was defined by shearing and pseudo-
delamination.
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Figure 6.66: Fractured (post-mortem) continuous-discontinuous glass/carbon fibre
SMC specimen, which was exposed to uniaxial compression, top view.
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Figure 6.67: Fractured (post-mortem) continuous-discontinuous glass/carbon fibre
SMC specimens, which were exposed to uniaxial compression, side view.

6.3.4 Out-of-plane loading of SMC composites

The following section presents the flexural properties of discon-
tinuous glass fibre SMC, continuous carbon fibre SMC and hybrid
continuous-discontinuous glass/carbon fibre SMC. In addition, dam-
age mechanisms and failure evolution of the considered SMC materi-
als exposed to out-of-plane loads are displayed.
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6.3.4.1 Flexural properties of discontinuous glass fibre SMC

Discontinuous glass fibre SMC exhibited a flexural modulus of elas-
ticity of 12.6 GPa (µ = 0.8 GPa, CV = 6.4%). Hence no difference in
material stiffness compared to in-plane loadings was observed. With
an average tensile strength of 283 MPa, Rt<R f <Rc holds true. The su-
perposition of tensile and compressive strains resulting from out-of-
plane loadings explains this finding. Discontinuous glass fibre SMC
exposed to three-point bending loadings was able to maintain high
deflections. However, deviation between strain at flexural strength
(εR, f ) and strain at failure (εmax, f ) was marginal (Table 6.5), indicating
brittle failure.

Figure 6.68 shows a representative stress-strain response resulting
from three-point bending of Dico GF SMC.
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Figure 6.68: Representative stress-strain curve resulting from three-point bending of
discontinuous glass fibre SMC.
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6.3 Mechanical properties and failure at the coupon level

In Figure 6.69, failure evolution shortly prior to final fracture is dis-
played. Flexural loading initially led to failure resulting from tensile
strains at the lower side of the specimen (point b), characterised by a
chipping off of the boundary layers (Chaturvedi et al., 1983) (point c).
With a further increase in load, crack propagation preferably in the
thickness direction of the specimen was observed (point d) leading to
a loss of load-bearing capacities and a gradual stiffness decrease in
the stress-strain curve. The formation of cracks within the specimen
and an abrupt failure due to intra-laminar delamination (in-plane
failure) (points e and f) marked the final failure of discontinuous glass
fibre SMC specimens exposed to flexural loads.
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Figure 6.69: Failure evolution of discontinuous glass fibre SMC exposed to three-point
bending, side view.
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6.3.4.2 Flexural properties of continuous carbon fibre SMC

Continuous carbon fibre SMC was very sensitive to shear failure if
span-to-thickness ratio was not sufficiently large (Figure 6.5). For
the considered span-to-thickness ratio of 32:1, investigations led to
a flexural modulus which featured only approximately 0.9 of the
stiffness resulting from tensile loadings (x̄ = 101.3 GPa). It is thus
critical to say whether the determined value can be considered as
flexural modulus of elasticity or should better be described as ap-
parent flexural modulus of elasticity, with a higher span-to-thickness
ratio possibly leading to a value closer to the tensile modulus of
elasticity of the material. However, an increase in span-to-thickness
ratio to 40:1 only slightly increased flexural modulus of elasticity, and
given the observed variations, this increase was not significant. The
flexural strength of continuous carbon fibre SMC was not as high
as the tensile strength of the material, but it significantly exceeded
compressive strength, indicating the simultaneous presence of tensile
and compressive stresses and strains.

Figure 6.70 depicts representative stress-strain curves of continu-
ous carbon fibre SMC exposed to three-point bending, and Figure
6.71 demonstrates significant points of failure evolution shortly prior
to failure.

Continuous carbon fibre SMC exhibited generally a linear stress-
strain response if exposed to bending loads, and failure was linked to
an abrupt load drop. No significant variation between strain at flex-
ural strength (εR, f ) and flexural failure strain (εmax, f ) was observed
(Table 6.9). Failure was initiated by fibre fractures due to compressive
stresses at the upper side of the specimen (point a). The initiation of
failure was linked with a load drop in the stress-strain evolution;
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however, specimens were still able to maintain load. With increasing
deflection and hence loading, fibre breakage and kinking became
more important (point b). A crack below the loading nose formed
(point c) and propagated in thickness direction of the specimen linked
to localised delamination (points c – f).

Table 6.9: Flexural properties of continuous carbon fibre SMC in fibre direction (0°)
for a span-to-thickness ratio of 32:1, with flexural modulus of elasticity (E f ), flexural
strength (R f ), elongation at flexural strength (εR, f ) and flexural failure strain (εmax, f )
corresponding to a decrease of sustained load to 0.8· preceding Fmax . Variable n
indicates number of evaluated specimens n.

E f (n=6) R f (n=6)
x̄ in GPa 101.3 x̄ in MPa 947
µ in GPa 3.8 µ in MPa 62
CV in % 3.7 CV in % 6.5

εR, f (n=6) εmax, f (n=6)
x̄ in % 0.94 x̄ in % 1.0
µ in % 0.1 µ in % 0.1
CV in % 7.7 CV in % 13.0
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Figure 6.70: Representative stress-strain curves resulting from three-point bending of
continuous carbon fibre SMC in fibre direction (0°).
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Figure 6.71: Failure evolution of continuous carbon fibre SMC exposed to three-point
bending, side view.
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6.3.4.3 Flexural properties of continuous-
discontinuous glass/carbon fibre SMC

The flexural properties of hybrid CoDico SMC were determined by
means of three-point bending tests with the same test setup and spec-
imen geometry considered for the individual materials. Mechanical
material properties are summarised in Table 6.10. Figure 6.72 depicts
representative stress-strain curves of CoDico GF/CF SMC resulting
from three-point bending and Figure 6.73 presents significant points
of failure evolution. Exposed to flexural loads, CoDico GF/CF SMC
showed a linear stress-strain evolution comparable to continuous car-
bon fibre SMC; hence the continuous face layers dominated result-
ing material behaviour. After reaching flexural strength, specimens
showed an abrupt damage, and strain at flexural strength (εR, f ) was
approximately the same as the defined failure strain (εmax, f ). Flex-
ural failure of hybrid CoDico SMC was initiated by fibre breakage
of the continuous carbon fibres on the upper side of the specimen
due to compressive stresses (point a). Failure progressed with local
interlaminar delamination (point b) and fibre breakage on the lower
surface (point c). The discontinuous glass fibre core layer partially
failed (point d), most likely due to compressive failure, since it was
locally no longer reinforced due to the failure and delamination of the
continuous carbon fibre reinforced layer at the upper surface. Sub-
sequently, tensile stresses led to tensile failure on the lower surface of
the continuous carbon fibre SMC, which was also linked to delamina-
tion (Figure 6.73 d and e). At the end of the loading, the continuous
component failed abruptly and in a highly localised manner, marked
by fibre fractures and splitting in the lower surface. The glass fibre
reinforced core layers remained almost intact, since the continuous
carbon fibre reinforced shell layers received the majority of the load
until failure (Dong and Davies, 2012).
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Table 6.10: Flexural properties of continuous-discontinuous glass/carbon fibre SMC
(0◦) for a span-to-thickness ratio of 32:1, with flexural modulus of elasticity (E f ),
flexural strength (R f ), elongation at flexural strength (εR, f ) and flexural failure strain
(εmax, f ) corresponding to a decrease of sustained load to 0.8· preceding Fmax (*for one
considered specimen load dropped only to 0.83·Fmax). Variable n indicates number of
evaluated specimens.

E f (n=6) R f (n=6)
x̄ in GPa 59.3 x̄ in MPa 570
µ in GPa 4.4 µ in MPa 75
CV in % 7.4 CV in % 13.2

εR, f (n=6) εmax, f (n=6)*
x̄ in % 1.0 x̄ in% 1.1
µ in % 0.2 µ in % 0.2
CV in % 14.4 CV in % 22.2
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Figure 6.72: Representative stress-strain curves resulting from three-point bending of
continuous-discontinuous glass/carbon fibre SMC.
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a b c

d e f

10 mm
Figure 6.73: Failure evolution of continuous-discontinuous glass/carbon fibre SMC
exposed to three-point bending, side view.

6.4 Mechanical properties and
failure at the structure level

In the following section, the mechanical properties and damage evo-
lution resulting from quasi-static and dynamic puncture are pre-
sented. Attention falls mainly on the interaction of damage mecha-
nisms and the stress-strain responses of the different SMC composites
resulting from puncture loading. Puncture properties were evaluated
in terms of maximum sustained load (referred to as maximum load or
strength, Fmax) and puncture energy (Ep), which equals the absorbed
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energy of the specimen during quasi-static or dynamic loading. Punc-
ture energy was computed as follows

Ep =
∫ xp

0
Fdx, (6.2)

with the force F and the deflection x. A numerical approximation
of this integration was completed by applying a trapezoid rule. To
mitigate or eliminate the aspect of friction between the striker and
the punctured surface, the puncture energy was calculated up to the
puncture deflection (xp) according to EN ISO 6603-2 (2000). Within
this ISO standard xp is defined as the position at which the instan-
taneous measured load is half of the precedent maximum load oc-
curred during puncture. In addition, energy at maximum load (EFmax )
was calculated, taking into account Equation 6.2 within the bounds
0 < x < xFmax . In the dynamic loading case, the filtered force-
deflection response was considered to calculate puncture energy and
to define the maximum sustained load of the specimen.

6.4.1 Puncture properties of
discontinuous glass fibre SMC

For structural observations, charge and flow region specimens of
discontinuous glass fibre SMC have been considered. Investigations
of rate dependent behaviour were based on puncture testing carried
out in quasi-static and dynamic manner. Maximum load, puncture
energy, energy at maximum load and corresponding deflections have
been evaluated and are presented in Figure 6.74 and Table 6.11.
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6.4 Mechanical properties and failure at the structure level

Table 6.11: Quasi-static and dynamic puncture properties of discontinuous glass fibre
SMC.

Charge region Flow region Charge region Flow region
Quasi-static Quasi-static Dynamic Dynamic

S (n=6) (n=6) (n=6) (n=6)
x̄ in N mm−1 421 434 993 1009
µ in N mm−1 51 49 122 75
CV in % 12.1 11.3 12.3 7.5

Fmax (n=6) (n=6) (n=6) (n=6)
x̄ in N 2849 3003 4533 4812
µ in N 277 268 767 407
CV in % 9.7 8.9 16.9 8.5

EFmax (n=6) (n=6) (n=6) (n=6)
x̄ in J 14.5 11.9 16.8 18.2
µ in J 1.7 1.6 3.9 3.0
CV in % 11.9 13.3 23.3 16.5

Ep (n=6) (n=6) (n=6) (n=6)
x̄ in J 23.8 23.2 35.3 35.1
µ in J 2.6 1.6 5.4 2.1
CV in % 10.8 6.9 15.2 6.0

dFmax (n=6) (n=6) (n=6) (n=6)
x̄ in mm 7.3 6.8 8.0 7.9
µ in mm 1.0 0.3 0.4 0.5
CV in % 13.1 3.6 4.9 6.0

dEp (n=6) (n=6) (n=6) (n=6)
x̄ in mm 13.4 12.4 13.5 12.7
µ in mm 0.8 0.4 0.6 0.7
CV in % 5.7 3.0 4.6 5.8
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Figure 6.74: Quasi-static and dynamic puncture properties of discontinuous glass fibre
SMC (• = median, + = mean, box indicates 25th to 75th percentile; lines indicate
minimum and maximum or 1.5 interquartile range, respectively; ◦ = outlier).

Maximum load and puncture energy of Dico GF SMC did not sig-
nificantly differ for charge, as compared to flow region specimens.
Mechanical performance showed higher scatter in terms of a dynamic
puncture. With an increase of 60 % in maximum sustained load,
Dico GF SMC exhibited positive rate dependence. Energy absorption
capability (Ep) showed an increase of 48 % and 51 % for charge or flow
region specimens, respectively. Specimens, which sustained a high
load during quasi-static or dynamic puncture also showed higher
energy absorption capability (Figure 6.74). No significant difference
was observed considering deflection at maximum load and puncture
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6.4 Mechanical properties and failure at the structure level

deflection, regardless of puncture velocity and specimen type. The
slope of the load-deflection response was fitted by a least squares fit
(as presented in section 4.2.2.1) in the range of 1 < d < 2 to evaluate
the puncture stiffness (S). In the dynamic loading case, the slope
of force-deflection response was fitted in the same manner, beyond
the dynamic offset in the same deflection range. With an increase
from 427 N mm−1 (µ = 48 N mm−1, CV = 11.2 %) to 1001 N mm−1

(µ = 97 N mm−1, CV = 9.7 %), Dico GF SMC exhibited a significant
rate dependence in terms of puncture stiffness.

Figure 6.75 shows representative force-deflection as well as energy-
deflection responses resulting from quasi-static and dynamic punc-
ture of charge and flow region Dico GF SMC specimens. In general,
the force-deflection and energy-deflection response can be divided
into six distinct regions, already defined by Kau (1990) and Knakal
and Ireland (1986). In the following, the quasi-static material response
is described in a detailed way. At the beginning of loading (section I),
a common trend was seen for the Dico SMC specimen punctured
in a quasi-static manner, and at lower contact forces, the contact
response was of a power law form. Within this first part, indentation
took place (Hertzian contact) (Sutherland and Soares, 2005). The
following section was defined by a linear increase (section II) until a
yield point. This point indicated a transition of the force-deflection
curve from linear increase to an increase with reduced slope, due to
initiation of failure. In the following, the force-deflection response
was characterised by small load drops, which indicated evolving
damage based on crack formation and growths. Force increased to
peak load (section III), where peak was defined by a plateau rather
than a distinct point if the specimens were punctured in a quasi-
static manner. After peak, the load decreased gradually due to the
formation and the growth of a widespread crack network; however,
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the specimen retained its structural integrity (section IV). In section
V the striker penetrated through the punctured specimen, and the
last section (section VI) of the force-deflection response resulted from
friction between the striker and the specimen.
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Figure 6.75: Force-deflection and energy-deflection curves resulting from quasi-static
and dynamic puncture of discontinuous glass fibre SMC. Individual sections can be
defined as follows: I: dynamic offset; II: yield; III: peak; IV: failure; V: penetration; and
VI: friction.
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The dynamic force-deflection response shows qualitatively the same
characteristics. However, the initial part is defined by a dynamic
offset (I) (Knakal and Ireland, 1986), which may have arisen from
the apparatus and the specimen itself (e.g. influenced by its stiff-
ness). Independent of loading rate, energy absorptions started be-
yond the yield point in a decisive way, since at the beginning of
impact, elastic deformation did not contribute to energy absorp-
tion. As soon as cracks were initiated at the bottom side of the
specimen, energy absorption became more important because of the
formation of new surfaces, which absorbed energy induced by the
striker. Energy absorption was most important beyond peak load
until specimens were fully punctured by the striker (section IV and
V). The energy-deflection curves reached a plateau, and in this phase
energy was only dissipated due to frictional sliding between the
specimen and shaft of the striker. Beyond maximum load, specimens
punctured in a dynamic manner absorbed significantly more energy.
Results presented by Trauth et al. (2018) indicate a rate dependence of
interface properties of UPPH-based SMC composites reinforced with
glass fibres enhancing energy absorption capability at higher
loading rates.

Figure 6.76 depicts a representative force-deflection response of a
Dico GF SMC specimen punctured in a quasi-static manner, in detail.
Damage evolution was investigated through in-situ images captured
with a camera positioned below the fixture. For significant steps
in the force-deflection evolution, the corresponding images can be
found in Figure 6.78. In addition crack growth was quantified by
image processing (Figure 6.77).
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Figure 6.76: Representative force-deflection response resulting from quasi-static punc-
ture of a discontinuous glass fibre SMC flow region specimen.
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Figure 6.77: Evolution of crack volume with increasing deflection and corresponding
energy-deflection response of two representative discontinuous glass fibre SMC
specimens.
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Figure 6.78: Failure evolution resulting from quasi-static puncture of discontinuous
glass fibre SMC; flow region specimen, arrow indicating flow direction.
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The rising portion of the force-deflection curve resulting from quasi-
static puncture of Dico GF SMC started with a linear increase in
deflection with increasing force, which was not linked to visible
damage at the lower surface (point A and B). The decrease in stiffness
in point C resulted from partial failure of the specimen at the lower
surface due to the formation of cracks, tending to be oriented in flow
direction, which was linked to first crack initiation events, as depicted
in Figure 6.77. A further increase in force (points C – F, section III) led
to crack growth and the continual formation of new (radial) cracks,
but the crack-network was dominated by two major perpendicular
radial cracks. Up to maximum load, the crack network further grew.
From point F, the force significantly decreased as a result of important
failure of the specimen, which was marked by abrupt crack growth
(points G – I, section IV). Crack formation and growth rate increased
significantly during this stage of puncture. In section V (points J – L)
the specimen was penetrated. Penetration was linked to important
further crack initiation and growth, before the shaft of the striker slid
along the punctured surface in section VI. In this phase, energy was
dissipated due to frictional sliding between the specimen and shaft
of the striker. Post-mortem observation of the specimens highlighted
some small circumferential cracks, which resulted from clamping.

In a comparable way, damage evolution resulting from dynamic
puncture was captured by means of high-speed imagery during
the impact event. Figure 6.79 highlights distinctive points of a rep-
resentative force-deflection response, while Figure 6.80 depicts the
corresponding high-speed images.
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Figure 6.79: Representative dynamic force-deflection response of discontinuous glass
fibre SMC flow region specimen.
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Figure 6.80: Damage evolution resulting from dynamic puncture of discontinuous glass
fibre SMC flow region specimen; arrow indicating flow direction.

247



6 Results

Considering dynamic puncture, the small drops in force in the rising
part of the curve resulted from test setup and wave reflections; they
do not reflect material behaviour, as the location of these load drops
were reproducible for different specimens (Trauth et al., 2018). The
first visible damage occurred in point C (at yield). In the following
section, cracks started to grow, usually in flow direction. After reach-
ing maximum force, load dropped due to sudden crack growth and
formation at the lower surface (points E – G). In the following the
striker penetrated through the specimen (points G – I).

6.4.2 Puncture properties of
continuous carbon fibre SMC

Continuous carbon fibre SMC exhibited a significant negative rate de-
pendence. Maximum load (Fmax) and puncture energy (Ep) showed a
characteristic decrease of −13 % and −21 %, respectively, if specimens
were punctured in a dynamic manner (Table 6.12). No correlation
between maximum sustained load and absorbed energy could be
observed (Figure 6.81).

Different failure modes were observed for Co CF SMC punctured in
a quasi-static manner, which significantly influenced damage absorp-
tion capability. As a consequence, puncture energy exhibited a very
high scatter (Figure 6.81). A first failure type was characterised by
an abrupt load drop after reaching maximum load to a force value,
which was significantly lower than peak force and below Fmax/2.
Considering the second type, load also abruptly decreased after peak
load; however, force-deflection response showed a distinct plateau.
For certain specimens, defined by the third failure type, load did not
drop below 0.5· Fmax. These specimens have not been considered
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6.4 Mechanical properties and failure at the structure level

to calculate puncture energy or puncture deflection. Due to the
early onset of failure, stiffness of continuous carbon fibre SMC was
evaluated in the range of 0.25 < d < 1, with a least squares fit. In
the dynamic loading case, the slope of the force-deflection response
was fitted in the same manner for a deflection of ≈ 1 < d < 2, due
to a dynamic offset. The stiffness of continuous carbon fibre SMC
exposed to quasi-static or dynamic puncture did not show significant
variation (Table 6.12).
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Figure 6.81: Quasi-static and dynamic puncture properties of continuous carbon fibre
SMC (• = median, + = mean, box indicates 25th to 75th percentile; lines indicate
minimum and maximum or 1.5 interquartile range, respectively).
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Table 6.12: Quasi-static and dynamic puncture properties of continuous carbon fibre
SMC.

Quasi-static Dynamic Quasi-static Dynamic

Fmax (n=8) (n=6) S (n=8) (n=6)
x̄ in N 6058 5281 x̄ in N mm−1 901 940
µ in N 200 289 µ in N mm−1 23 76
CV in % 3.3 5.5 CV in % 2.6 8.1

EFmax (n=8) (n=6) Ep (n=6) (n=6)
x̄ inJ 32.3 19.5 x̄ in J 38.5 30.5
µ in J 6.7 2.0 µ in J 6.8 2.8
CV in % 11.4 10.1 CV in % 17.8 9.1

dFmax (n=8) (n=6) dEp (n=6) (n=6)
x̄ in mm 9.1 7.4 x̄ in mm 11.3 10.0
µ in mm 0.7 0.3 µ in mm 1.7 1.10
CV in % 7.9 3.9 CV in % 14.6 11.1

Figure 6.82 depicts representative force-deflection responses resulting
from quasi-static and dynamic puncture of continuous carbon fibre
SMC. The damage evolution of a selected continuous carbon fibre
SMC punctured in a quasi-static manner is depicted in Figure 6.84,
with corresponding images shown in Figure 6.83.

In general, first part of the force-deflection evolution was charac-
terised by a steady (linear) increase in force for an increase of deflec-
tion up to peak load (sections I – III). A yield point could be identified
at low deflections (section I, d ≈ 1 mm). After yield, a decrease
in stiffness due to the onset of failure at the lower surface of the
specimens was observed (section III). Gradual failure led to a further
decrease in stiffness up to peak load. Peak was linked to marginally
lower deflection in the dynamic loading case. Beyond peak load,
the specimens failed abruptly and were suddenly no longer able to
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maintain loads (section IV). The prompt failure was also reflected by a
kinking of the energy-deflection evolution. With only a slight increase
from deflection at maximum load (dFmax ) to puncture deflection (dp),
continuous carbon fibre SMC showed low damage tolerance, with
a localised puncture loading independent from loading rate (Table
6.12). The end of the puncture event (sections V and VI) was defined
by penetration of the striker and friction.
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Figure 6.82: Representative force-deflection and energy-deflection response resulting
from quasi-static and dynamic puncture of continuous carbon fibre SMC. Individual
sections can be defined as follows: I: dynamic offset; II: yield; III: peak; IV: failure; V:
penetration; and VI: friction.
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Figure 6.83: Damage evolution resulting from quasi-static puncture of continuous
carbon fibre SMC.
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Figure 6.84: Representative force-deflection response resulting from quasi-static punc-
ture of continuous glass fibre SMC.

Starting with a linear increase of the force-deflection response, an
early formation of cracks in the fibre direction at the lower surface
(points A – C, section I) slightly influenced the specimen’s stiffness.
In the beginning, damage was marginal, but as force increased, more
cracks formed (starting from point C), and energy absorption became
more important (section II). The small load drops in points D – H
characterised abrupt, stepwise and instable crack growth linked to
important energy absorption based in the formation of new surfaces
(section III). Most important was the major crack in the middle of the
specimen below the striker. Cracks grew easily in the fibre direction
up to clamping (I), and the following load drop (I→J) was marked by
a significant fracture of the specimen and the formation of inter-fibre
cracks starting from clamping. The striker started to push through
the specimen. Final failure was based on fibre breakage and linked to
a significant load drop (point L).
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The force-deflection evolution of a continuous carbon fibre SMC spec-
imen punctured in a dynamic manner is qualitatively comparable to
the quasi-static response (Figure 6.85 and 6.86).
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Figure 6.85: Representative force-deflection response resulting from dynamic puncture
of continuous glass fibre SMC.

The initial increase in load with increasing displacement led to the
formation of numerous small cracks at the lower surface, oriented
in the fibre direction (points A – C, section II). Fibre breakage and
the formation of cracks perpendicular to fibre direction were more
important if Co CF SMC was punctured in a dynamic manner, and
the important load drop in point D was linked to fibre fracture in
the bottom layer. As soon as peak load was reached, the speci-
men was no longer able to maintain loads and the force-deflection
response dropped significantly. In the following, the striker pene-
trated through the specimen, and energy absorption mainly resulted
due to friction.
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Figure 6.86: Damage evolution resulting from dynamic puncture of continuous carbon
fibre SMC.
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6.4.3 Puncture properties of continuous-
discontinuous glass/carbon fibre SMC

Hybrid CoDico GF/CF SMC specimens were punctured in the same
manner as the specimens made from the individual components,
to enable evaluation of a hybridisation effect on structural proper-
ties. Charge and flow region specimens have been considered for
evaluation, and Figure 6.87 and Table 6.13 depict the experimentally
determined puncture properties of CoDico GF/CF SMC.

In contrast to Dico GF SMC, which showed no significant difference in
mechanical performance of charge and flow region specimens (Figure
6.74 and Table 6.11), puncture energy (Ep) of CoDico GF/CF SMC
was significantly lower for specimens extracted from flow region
(Figure 6.87). The same trend was observed for maximum load;
however, the difference was not significant for quasi-static puncture.
With an increase of maximum load of 38 % and 28 % for charge and
flow region specimens, CoDico GF/CF SMC exhibited a positive rate
dependence, which was less distinct than for pure Dico GF SMC.
Energy absorption capability increased for higher loading speeds
14 % and 23 % for charge and flow region specimens, respectively.

Stiffness of the CoDico GF/CF SMC specimens was evaluated in the
range of 1 < d < 2 in the quasi-static and dynamic loading case by a
least squares fit. If punctured in a quasi-static manner, the stiffness of
the hybrid CoDico GF/CF SMC was in between the observed values
of Dico GF and Co CF SMC. If punctured in a dynamic manner,
stiffness increased (≈ 48 %). A positive correlation characterises the
relation between maximum sustained load and absorbed energy for
the two considered velocities (Figure 6.87).
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Table 6.13: Quasi-static and dynamic puncture properties of continuous-discontinuous
glass/carbon fibre SMC.

Charge region Flow region Charge region Flow region
Quasi-static Quasi-static Dynamic Dynamic

S (n=6) (n=6) (n=6) (n=6)
x̄ in N mm−1 735 694 1065 1057
µ in N mm−1 35 51 64 115
CV in % 4.7 7.4 6.0 10.9

Fmax (n=6) (n=6) (n=6) (n=6)
x̄ in N 4060 3916 5584 5021
µ in N 235 162 415 457
CV in % 5.8 4.1 7.4 9.1

EFmax (n=6) (n=6) (n=6) (n=6)
x̄ in J 24.9 20.0 24.2 17.4
µ in J 1.6 5.4 3.6 2.7
CV in % 6.3 26.9 14.7 15.2

Ep (n=6) (n=6) (n=6) (n=6)
x̄ in J 34.3 29.2 39.1 35.9
µ in J 3.0 1.0 1.9 2.7
CV in % 8.7 3.6 4.7 7.6

dFmax (n=6) (n=6) (n=6) (n=6)
x̄ in mm 7.8 8.4 8.2 6.9
µ in mm 1.0 1.2 0.7 0.4
CV in % 12.9 14.6 8.5 5.9

dEp (n=6) (n=6) (n=6) (n=6)
x̄ in mm 12.8 11.5 11.7 11.7
µ in mm 0.7 0.6 0.6 0.8
CV in % 5.6 4.8 5.1 6.5
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Figure 6.87: Quasi-static and dynamic puncture properties of continuous-
discontinuous glass/carbon fibre SMC (• = median, + = mean, box indicates 25th

to 75th percentile; lines indicate minimum and maximum or 1.5 interquartile range,
respectively, ◦ = outlier).

The force-deflection response, independent of loading rate, qualita-
tively showed the same evolution as defined for the Dico GF SMC
and the Co CF SMC (Figure 6.88).
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Figure 6.88: Representative force-deflection and energy-deflection responses resulting
from quasi-static and dynamic puncture of continuous-discontinuous glass/carbon
fibre SMC. Individual sections can be defined as follows: I: dynamic offset; II: yield;
III: peak; IV: failure; V: penetration; and VI: friction.

After a linear increase up to yield (section I and II), stiffness started
to decrease due to failure initiation at the lower surface (section III).
From this point, damage of the specimen became evident due to
numerous small load drops in the force-deflection response. Energy
absorption became more important during this stage of loading,
but did not quantitatively differ for different loading rates. The
decreasing part of the force-deflection evolution was characterised
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by a stepwise decrease independent of loading rate, which indicated
partial and subsequent failure of the specimen consisting of different
layers (section IV). Energy-deflection responses beyond peak (section
IV) indicated that specimens punctured in a dynamic manner were
able to absorb more energy than was the case with a quasi-static
loading of the material. This tendency was already observed for Dico
GF SMC composites, and it is highly possible that failure mechanisms
of CoDico GF/CF SMC also differ with respect to loading rate. It is
conceivable that the difference in energy absorption capability most
probably resulted from the rate dependent failure evolution of the
Dico GF SMC composite or the interface properties between the
continuous and discontinuous components. In the end, the striker
penetrated the specimen (section V). Load did not decrease to zero
due to frictional effects (section VI).

With a significant increase from deflection at maximum load (dFmax ) to
puncture deflection (dp), CoDico GF/CF SMC featured better damage
tolerance than did Co CF SMC (Table 6.13 and 6.12). The discontinu-
ously reinforced core of the hybrid CoDico GF/CF SMC enhanced
damage tolerance, preventing sudden failure of the specimen as soon
as peak load was reached.

Figures 6.89 and 6.91 detail a representative force-deflection response
and significant points in terms of damage evolution resulting from
quasi-static puncture of the hybrid CoDico GF/CF SMC. Evolution
of crack volume is depicted in Figure 6.90 to allow a quantitative
evaluation of the evolving damage.
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Figure 6.89: Representative force-deflection response resulting from quasi-static punc-
ture of continuous-discontinuous glass/carbon fibre SMC. Images corresponding to
points A – L appear in Figure 6.91.
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Figure 6.90: Evolution of crack volume with increasing deflection and correspond-
ing energy-deflection response of three representative continuous-discontinuous
glass/carbon fibre SMC specimens.
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Figure 6.91: Damage evolution resulting from quasi-static puncture of hybrid
continuous-discontinuous glass/carbon fibre SMC.

Starting with a steady (linear) increase (points A – C) due to the
formation of small cracks at the lower surface in the direction of the
fibres of the continuous carbon fibre SMC, failure became visible at
lower deflections compared to the discontinuous glass fibre SMC.
Nevertheless, the stiffness of the specimen was not affected during
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6.4 Mechanical properties and failure at the structure level

this stage of loading (yield corresponds to point C), in contrast to an
early decrease in stiffness of the Co CF SMC. The small load drops in
points C, D and E resulted from abrupt crack formation and growth,
mainly in fibre direction of the continuous component. Compared to
the pure Co CF SMC, the crack network which formed at the lower
surface of the hybrid CoDico GF/CF SMC specimen consisted of a
larger number of rather small cracks. The cracks parallel to the fibre
direction of the continuous face sheets propagated easily up to clamp-
ing. This progression was linked to significant load drops in point
G. Beyond peak the evolution of the force-deflection response was
marked by fibre breakage (points H and I) and delamination between
the continuously and discontinuously reinforced layers of the CoDico
GF/CF SMC (point J). From point K to the end of the force-deflection
curve, evolution was determined by the striker pushing through the
specimen and friction.

Figure 6.92 presents the post-mortem observations of fractured
CoDico GF/CF SMC specimens, which were punctured in a quasi-
static manner. The failure of the discontinuous component was
determined by pseudo-delamination. Interlaminar (interlayer) and
intralaminar (intralayer) delamination within the continuous com-
ponents were also important failure mechanisms accompanied by
inter-fibre fractures within the continuous component.
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Figure 6.92: Damage region of a continuous-discontinuous glass/carbon fibre SMC
specimen, punctured in a quasi-static manner.
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6.4 Mechanical properties and failure at the structure level

The damage evolution of a representative hybrid CoDico GF/CF SMC
specimen punctured in a dynamic manner is depicted in Figure 6.93,
with corresponding images of damage evolution shown in Figure
6.94. Force-deflection evolution was characterised by a steady in-
crease up to peak load. Several small cracks aligned in fibre direction
of the continuous component formed (points A – C) and grew up
to clamping. However, the formation of these cracks did not macro-
scopically influence the structural stiffness of the component. The
significant load drop beyond peak load was characterised by a growth
and spreading of the cracks formed within the continuous material.
Delamination took place locally (points E – G). After reaching a small
plateau (point G), the specimen suddenly failed due to the bursting
of the continuous face sheet at the lower surface.
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Figure 6.93: Representative force-deflection response resulting from dynamic puncture
of continuous-discontinuous glass/carbon fibre SMC.

265



6 Results

B CA

E FD

H IG

50 mm
Figure 6.94: Damage evolution resulting from dynamic puncture of hybrid continuous-
discontinuous glass/carbon fibre SMC.

Macroscopic post-mortem observation of hybrid CoDico GF/CF SMC
specimens punctured in a dynamic manner (Figure 6.95) clearly indi-
cated that interlaminar delamination played a more pronounced role
than did damage mechanisms resulting from quasi-static puncture. In
addition, pull-out of (glass) fibre bundles was the dominating failure
mechanism of the discontinuous component (Figure 6.95).
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Interlaminar delamination Fibre fractures
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Figure 6.95: Damage region of a continuous-discontinuous glass/carbon fibre SMC
specimen, punctured in a dynamic manner showing interlaminar delamination
between the continuous and discontinuous component as well as pulled-out fibre
bundles of the discontinuous component.
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6.5 Mechanical properties and
failure at the component level

Component properties were determined to investigate the effect of
hybridisation on component scale, with load case simulating near-
service loadings. Having approximately the same density (as de-
scribed in sections 6.2.1.1 and 6.2.1.2), the component made from
pure discontinuous glass fibre SMC and the locally reinforced parts
realised with continuous carbon fibre SMC feature the same weight.
In addition, the geometry was unchanged. As explained in section
4.4, the load data from the load cell and deflection data measured
via a tactile transducer, positioned in the middle below the compo-
nent, were recorded. Since all tests were carried out in a deflection-
controlled manner, the deflection data of the specimens are identical
with one another except for the maximum deflection at breakage. The
measured force, however, differed and is considered in the following.

Figure 6.96 clearly shows that for components with local reinforce-
ment the load increase over deflection was higher (i.e. the stiffness
of the parts significantly increased due to the incorporation of a
local reinforcement). At the last loading stage, corresponding to a
maximum deflection of 5 mm, the specimens with continuous carbon
fibre reinforcements carried an average load surplus of 946 N, in
comparison to specimens without local reinforcement. That shift
corresponds to an increase in strength of 32 %. Initial stiffness showed
a more important scatter for the hybrid CoDico GF/CF SMC com-
ponent (23 %) compared to the pure Dico SMC demonstrator parts,
exhibiting a scatter in initial stiffness of only 3 %. The force-deflection
response of the Dico and CoDico GF/CF SMC demonstrator parts
were characterised by a gradual decrease, indicating a slight degra-
dation of components’ stiffness, resulting from increasing damage
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6.5 Mechanical properties and failure at the component level

to the component due to loading. The force-deflection response of
the hybrid CoDico GF/CF SMC demonstrator parts showed only a
slight decrease within the first three cycles, then increased in a linear
way up to cycle 8. Load at failure was significantly higher for locally
reinforced components (739 N, increase of 17 %), but deflection at
failure decreased from an average of 9.0 mm for purely discontinuous
glass fibre SMC demonstrator parts to 7.6 mm if hybridisation took
place (decrease of 1.4 mm, 15 %). In addition, the scatter of fracture
strength was significantly reduced due to the local reinforcement
(Dico GF SMC µ = 226 N, CoDico GF/CF SMC µ = 88 N).
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Figure 6.96: Evolution of maximum force during four-point bending loading of discon-
tinuously (Dico) and continuously-discontinuously (CoDico) reinforced demonstrator
part evaluated at maximum deflection of each cycle.

Figure 6.97 depicts the stiffness of the components determined for
every cycle according to Equation 4.5. In general, stiffness decreased
for the Dico GF SMC and CoDico GF/CF SMC demonstrator parts
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with every cycle from the beginning of loading. Local reinforcement
increased initial stiffness 23 % from an average value of 1247 N mm−1

to 1538 N mm−1. However, initial stiffness of the hybrid CoDico
GF/CF SMC demonstrator parts showed a significantly higher scatter,
with CV = 9.5 %, compared to a variation of CV = 1.2 % for the purely
discontinuous glass fibre SMC components.
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Figure 6.97: Evolution of stiffness during four-point bending loading of discontinu-
ously (Dico) and continuously-discontinuously (CoDico) reinforced demonstrator part
evaluated at maximum deflection of each cycle.

Considering damage evolution, lower values of D (damage para-
meter) at equal stages for the locally reinforced components were ob-
served (Figure 6.98). Comparably to stiffness evolution during cyclic
loading, locally reinforced components showed a slightly higher scat-
ter in evolving damage.
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Figure 6.98: Evolution of damage during four-point bending loading of discontinu-
ously (Dico) and continuously-discontinuously (CoDico) reinforced demonstrator part
evaluated at maximum deflection of each cycle.

6.6 Analytical stiffness prediction

In the following section, the results of analytical modelling to
predict the stiffness of discontinuous glass fibre SMC, continuous
carbon fibre SMC and continuous-discontinuous glass/carbon fibre
SMC are presented.
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6.6.1 Analytical stiffness prediction of
discontinuous glass fibre SMC

To analytically describe the stiffness of the discontinuous glass fibre
SMC based on the Halpin–Tsai equations and Mori–Tanaka homogeni-
sation approach (section 5.2.2.2), the material properties listed in
Table 6.14 have been taken into consideration.

Table 6.14: Input parameters and material data of discontinuous glass fibre SMC.

Parameter Value Reference
EM 3.45 GPa Experimentally determined

(section 6.3.1)
EF 73 GPa CES EduPack, 2017
νF 0.22 CES EduPack, 2017
νm 0.38 Experimentally determined

(section 6.3.1)
φF (Mori–Tanaka) 24.2 vol.% Experimentally determined

(section 6.2.1)
φF (Halpin–Tsai) (1D) 26.6 vol.% Experimentally determined

(section 6.2.1)
φF (Halpin–Tsai) (2D) 24.9 vol.% Experimentally determined

(section 6.2.1)

Figure 6.99 and Figure 6.100 depict the analytically determined tensile
modulus of elasticity and shear modulus considering different aspect
ratios of the fibrous reinforcement (l/d) and a fibre volume content
of 20, 25 or 30 vol.%, respectively. These values reflect the variation
of the experimentally determined fibre volume content of the sheets
considered within this dissertation.
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Figure 6.99: Tensile modulus of elasticity of discontinuous glass fibre SMC. Prediction
based on Halpin–Tsai equations.
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Figure 6.100: Shear modulus of discontinuous glass fibre SMC. Prediction based on
Halpin–Tsai equations.
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Considering the diameter of a glass fibre filament of 13.5 µm (Johns
Manville, 2018) and the length of the filament in a standard SMC of
25.4 mm, the corresponding value of l/d equals 1881.5. For a fibre
volume content of 26.6 vol.% (average value of all considered 1D Dico
SMC sheets) predicted tensile modulus of elasticity and shear modu-
lus equal 12.3 GPa and 4.4 GPa, respectively. Given the average fibre
volume content of 2D Dico GF SMC sheets, predicted tensile modulus
of elasticity and shear modulus are equal to 11.7 GPa and 4.2 GPa,
respectively. Figures 6.102 and 6.103 demonstrate the analytically
determined tensile modulus of elasticity of the discontinuous glass
fibre SMC specimen extracted in flow direction and perpendicular
to flow, based on the Mori–Tanaka approach. E0 and E90 consider
the stiffness in the y− and x− directions according to the convention
presented in Figure 6.101.
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Figure 6.101: Orientation and convention of coordinate system to define elastic moduli
based on Mori–Tanaka approach with fibre orientation tensors.
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Figure 6.102: Modulus of elasticity of a specimen extracted in flow direction. Calcula-
tions based on Mori–Tanaka homogenisation and orientation averages.

0 0.5 1 1.5 2 2.5 3

6

8

10

12

14

Specimen thickness in mm

M
od

ul
us

of
el

as
ti

ci
ty

in
G

Pa

E0
E90

Figure 6.103: Modulus of elasticity of a specimen extracted perpendicular to flow di-
rection. Calculations based on Mori–Tanaka homogenisation and orientation averages.
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The calculations depend on a fibre volume content of 24.2 vol.%. This
value was experimentally determined by means of thermogravimet-
ric analysis of specimens extracted from the same sheet as the in-
vestigated specimens. Accuracy of the Mori–Tanaka homogenisa-
tion approach was evaluated with a comparison of analytically deter-
mined and experimentally measured stiffness. For this purpose, the
(scanned) specimens were mechanically loaded in uniaxial tension to
determine an experimental value of the tensile modulus of elasticity.
Specimens were mechanically clamped with a clamping distance of
50 mm. Gauge length was set to 20 mm, and strains were measured
with an extensometer. Tensile modulus of elasticity was determined
in the strain range of 0.05 % to 0.25 %. Each specimen was loaded
three times, up to a maximum strain of 0.35 % and tensile modulus
of elasticity was determined on the rising slope using Equation 4.10
presented in section 4.5. The experimentally determined values were
12.16 GPa (µ = 0.015 GPa, CV = 0.13 %) for the specimen extracted
parallel to flow direction and 8.75 GPa (µ = 0.10 GPa, CV = 1.18 %)
for the specimen perpendicular to flow direction. Table 6.15 lists
the experimentally and analytically determined values of the tensile
modulus of elasticity for the two considered specimens.

Table 6.15: Comparison of analytically (Mori–Tanaka approach) and experimentally
determined tensile modulus of elasticity.

Orientation of specimen Parameter Mori–Tanaka Experiment Deviation
Parallel to flow E0 11.74 GPa 12.16 GPa 3.6 %

E90 8.07 GPa
Perpendicular to flow E0 8.54 GPa 8.75 GPa 2.5 %

E90 11.21 GPa
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6.6 Analytical stiffness prediction

Stiffness of individual slices was estimated with the Mori–Tanaka
approach combined with the parallel axis theorem, assuming that
the neutral axis coincides with the central axis of the specimen,
enabled to define a flexural modulus of elasticity. The accuracy
of the estimated stiffness was also evaluated through an experi-
mental comparison. For this purpose, the specimens were loaded in
three-point bending (L/h = 20) up to a maximum deflection of
0.25 %, and flexural modulus of elasticity was determined three times
for one specimen.

The experimentally determined values were 13.53 GPa (µ = 0.51 GPa
CV = 3.74 %) for the specimen extracted parallel to flow direction and
9.05 GPa (µ = 0.20 GPa, CV = 1.12 %) for the specimen perpendicular
to flow direction. In Table 6.16 the average mean value of the exper-
imentally measured flexural modulus of elasticity is compared with
the analytically determined value.

Table 6.16: Comparison of analytically (Mori–Tanaka approach and parallel axis
theorem) and experimentally determined flexural modulus of elasticity.

Orientation of specimen Parameter Mori–Tanaka Experiment Deviation
Parallel to flow E0 12.17 GPa 13.54 GPa 11.18 %
Perpendicular to flow E0 8.63 GPa 9.05 GPa 4.87 %

6.6.2 Analytical stiffness prediction of
continuous carbon fibre SMC

The material properties listed in Table 6.17 have been considered
to analytically describe the tensile modulus of elasticity in the fibre
direction (0°). Figure 6.104 clearly shows that the RoM slightly over-
estimates elastic material behaviour in the fibre direction.
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Table 6.17: Input parameters and material data of continuous carbon fibre SMC.

Parameter Value Reference
EM 3.45 GPa Experimentally determined

(section 6.3.1)
EF 242 GPa Zoltek, 2018a
νF 0.2 CES EduPack, 2017
νM 0.38 Experimentally determined

(section 6.3.1)
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Figure 6.104: Longitudinal tensile modulus of elasticity of continuous carbon fibre SMC
(0°) based on rule of mixtures.

Considering an FVC of 52.2 vol.% or 55.2 vol.% (sheet 1 and sheet 2)
the predicted tensile modulus of elasticity is 128 GPa and 135 GPa,
respectively. Taking into account the experimentally determined av-
erage value of 110.1 GPa this equals a deviation of 21.8 % and 15.5 %.
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6.6 Analytical stiffness prediction

6.6.3 Analytical stiffness prediction of continuous-
discontinuous glass/carbon fibre SMC

6.6.3.1 Tensile and compressive modulus of elasticity

The rule of hybrid mixtures (RohM) is an appropriate tool to predict
the tensile modulus of elasticity of a hybrid composite. Since an
analytical approach to predict the tensile modulus of elasticity of the
continuous carbon fibre SMC composite (Figure 6.104) slightly over-
estimates material properties, the tensile and compressive modulus
of the continuous carbon fibre SMC and the discontinuous glass fibre
SMC were considered as input parameters.

The resulting stiffness of the hybrid laminate can be predicted by
applying the RohM (Equation 5.44) as shown in Figure 6.105. To
account for the scatter in material properties of SMC composites,
calculation is based either on the arithmetic mean value or on the
25th and 75th percentile.

The experimental results depicted in Figure 6.105 depend on an av-
erage thickness of the hybrid specimens h = 2.91 mm and a thickness
of the face sheets of h f = 0.33 mm. Hence, (2 · h f )/h ≈ 0.22-0.23.
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Figure 6.105: Tensile modulus of elasticity in fibre direction of the continuous
component. Calculations based on hybrid rule of mixtures.

6.6.3.2 Flexural modulus of elasticity

The flexural stiffness of the hybrid CoDico GF/CF SMC laminate
has been analytically modelled based on the classical laminate theory
(CLT) (described in section 5.4.2). A symmetric and an asymmetric
lay-up, due to the tension-compression anisotropy of the continuous
material, were considered. Flexural rigidity resulting from a sym-
metric and an asymmetric lay-up are presented below. The analytical
predictions based on the material parameters that appear in Table
6.18.
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Table 6.18: Input parameters and material data of the discontinuous glass fibre SMC
and continuous carbon fibre SMC considered for CLT.

Parameter Value Reference
E11,Co,t (average, tension) 110.08 GPa Experimentally determined

(section 6.3.3.2)
E11,Co,c (average, compression) 91.38 GPa Experimentally determined

(section 6.3.3.2)
E22,Co,t (average, tension) 8.31 GPa Experimentally determined

(section 6.3.3.2)
E22,Co,c (average, compression) 7.51 GPa Experimentally determined

(section 6.3.3.2)
ν12,Co 0.32 Experimentally determined

(section 6.3.3.2)
G12,F 105 GPa CES EduPack, 2017
φF 53.4 vol.% Experimentally determined

(section 6.2.1)
G12,Co 4.80 GPa Förster and Knappe, 1971
E11,Dico,t (average, tension) 13.09 GPa Experimentally determined

(section 6.3.2.1)
E22,Dico,t (average, tension) 9.48 GPa Experimentally determined

(section 6.3.2.1)
ν12,Dico 0.38 Experimentally determined

(section 6.3.2.1)
G12,Dico 4.37 GPa Experimentally determined

(section 6.6.1)

In order to determine the shear modulus of the discontinuous glass
fibre SMC (G12,Dico), results obtained by the Halpin–Tsai approach
depicted in Figure 6.100 were considered. The analytically predicted
value of G12,Dico= 4.37 GPa is within the boundaries described in
CES EduPack (2017) considering a 40 wt.% glass fibre SMC (unsat-
urated polyester resin-based). Förster and Knappe (1971) presented
a method to estimate the shear modulus of a unidirectionally carbon
fibre reinforced lamina.
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Figure 6.106: Flexural modulus of elasticity of continuous-discontinuous glass/carbon
fibre SMC, predicted by classical laminate theory described in section 5.3.

As clearly depicted in Figure 6.106, the CLT based on a symmetric
lay-up of the hybrid CoDico GF/CF SMC (assuming that tensile and
compressive modulus of elasticity of the continuous component are
equal) overestimates flexural stiffness (E f ,CLT,sym = 64.06 GPa). Given
the tension-compression anisotropy, the CLT (asymmetric lay-up) pre-
cisely predicts the resulting stiffness of the hybrid CoDico GF/CF
SMC (E f ,CLT,asym = 58.84 GPa). The experimentally determined arith-
metic average equals E f = 59.34 GPa, hence, deviation is below 1 %.
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7 Discussion

The following section discusses the results presented in chapter 6.
First, an evaluation of experimental methods is offered. Next, the
particularity of the unsaturated polyester-polyurethane two-step cur-
ing hybrid resin system is addressed. The third part is based on the
vertical characterisation strategy defined in chapter 4 and focusses
on micromechanical observations followed by reasons explaining the
observed mechanical behaviour of the individual and hybrid ma-
terial, always linked to failure evolution and damage mechanisms.
Attention is drawn primarily to the effect of hybridisation. In addi-
tion, tools to model stiffness and strength of the individual material,
but more important of the hybrid material in an analytical way are
evaluated in terms of complexity and accuracy of predictions.

7.1 Testing methodology and
preliminary studies

This work has undertaken a deep investigation to determine the
influence of the specimen’s geometry on resulting mechanical prop-
erties. Tensile tests with different rectangular and dog-bone shaped
specimens were carried out to define a possible influence of specimen
geometry on the resulting material performance. Relative properties
were compared to account for variations in the fibre volume content
of different sheets and specimens, which were extracted from two-
dimensional (2D) flow sheets with planar isotropic fibre orientation
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(as shown in Figure 6.25). As stated in Marissen and Linsen (1999),
smaller SMC specimens feature more cut fibres within the gauge
section and less efficient reinforcement, deceasing the experimentally
determined flexural stiffness and strength of the material. The rela-
tive stiffness of rectangular specimens featuring a width of 30 mm and
a clamping distance of 100 mm (geometry R 2.1) was slightly lower
than the stiffness of the same specimen type, clamped at a distance of
130 mm with the same gauge section (10× 70 mm2). Calculations of
technical strains by averaging local displacement values considering
a larger surface of the specimen may falsify results due to local strain
concentrations (overestimation of average strains) near clamping (St.
Venant’s principle). However, relative material properties determined
with slightly different geometries of the specimens did not signifi-
cantly differ, and small variations can be based on structural rather
than on statistical effects, as indicated by Varna et al. (1992).

The effect of the specimen’s geometry on the relative strength of
the discontinuous SMC material was slightly more important with
larger specimens featuring lower strength (specimen geometry R 2
and B 2 in Figure 6.2). However, decreases were marginal (below 5 %)
and not significant if scatter is considered. A possible explanation of
this finding might be a size effect, commonly known for composite
materials (Sutherland et al., 1999). The microstructure of a composite
is important in determining the defects that may give rise to a size
effect. At the microlevel, a decrease in fibre diameter was observed
to lead to higher strength values (Griffith, 1921). Size effects on the
specimen scale indicated that in smaller specimens, the probability
of the occurrence of internal flaws or defects is lower than in larger
ones. Hence, material strength might increase due to a size effect
(Wisnom, 1999), for example. Size effects may explain the findings of
this present dissertation.
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7.2 Material behaviour of UPPH two-step curing hybrid resin system

Due to the heterogeneous microstructure, mechanical characterisa-
tion of discontinuous SMC materials was generally determined by
a significant scatter. Taking stereo digital image correlation into
consideration helped to deduce global information on strains re-
sulting from mechanical loads. Conventional strain measurement
techniques, such as strain gauges or extensometers, determine only
local displacements, and evaluated strains depend strongly on the
local microstructure of the contact zone. A parameter study pointed
out that within appropriate bounds, measuring of displacement fields
by means of digital image correlation to deduce strains was robust
and reliable (Table 6.3).

7.2 Material behaviour of unsaturated
polyester-polyurethane two-step
curing hybrid resin system

The moulded unsaturated polyester-polyurethane two-step curing
(UPPH) hybrid resin sheets exhibited high porosity, although the
individual components were mixed in a vacuum to reduce the amount
of air within the mixture. For this reason, tensile strength was
characterised by a very high scatter, induced due to failure initiation
at pores. Hence, the determined values should be considered with
caution. Elastic properties (tensile modulus of elasticity and Poisson’s
ratio) which were important for modelling of material properties
of the discontinuous and continuous SMC composites, however,
could be determined precisely and matched very well with
experimentally determined values of the same resin system presented
by Kehrer et al. (2018).
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Exposed to uniaxial compression, the rectangular specimens bent
easily, and compressive failure strain could not be determined. Com-
pressive strength was defined as the stress corresponding to the point
in stress-strain response where the bending factor (b f ) reached a value
of 0.1 (Figure 6.24).

10 mm
(a)

10 mm
(b)

Figure 7.1: Damaged unsaturated polyester-polyurethane hybrid resin specimens, ex-
posed to tensile loadings showing numerous fractures (a) and exposed to compressive
loadings showing high plastic deformation (b).

Considering the experimental results, the unsaturated polyester-
polyurethane hybrid two-step curing resin system exhibited a tension-
compression anisotropy. Tensile loading led to a brittle failure of
the specimens due to cracking, most probably simultaneously at
different points (Figure 7.1a), whereas specimens featured a high
plastic deformation if loaded in compression (Figure 7.1b) and did
not fail even for a very small clamping distance (≈ 5 mm).
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7.3 Discontinuous glass fibre SMC

7.3 Discontinuous glass fibre SMC

7.3.1 Microstructural aspects of
discontinuous glass fibre SMC

The discussion of microstructural aspects is based on the results pre-
sented in section 6.2. In the following, process-induced characteristics
of fibre volume content and fibre orientation of the
discontinuous glass fibre SMC composite are discussed as a start-
ing point to relate the characteristic microstructure to the observed
material properties.

Fibre volume content
Discontinuous glass fibre reinforced SMC sheets showed a higher
average fibre volume content (26.6 vol.%) than the nominal fibre
volume content of approximately 23 vol.%. The variation may be
explained by the height of the resin film. Generally, it is calculated
to lead, in combination with the adapted velocity of the conveyor
belt and cutting unit, to a desired fibres-to-resin ratio and thus to
a nominal fibre content. Variations in the film height of the resin
between the theoretically calculated and real value resulting from a
distinct viscosity and shear properties of the considered resin system
are possible. Correction factors may be considered, based on detailed
experience with the processing of a specific resin system to counteract
the non-negligible amount of resin pressed out at the edges of the
sandwiched SMC mat, due to calendaring and rolling-up of the
semi-finished material. However, no correction factors were applied
to adapt the film height of the resin to manufacture the materials
considered within this dissertation. Investigations of the fibre volume
content of the discontinuous (one-dimensional [1D]) glass fibre SMC
material showed variations in average fibre volume content (FVC)
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within one campaign (21.5 vol.% to 28.2 vol.%). However, only one
sheet featured an FVC below the nominal value of 23 vol.% (Figure
6.9). It is possible that this distinct sheet was moulded with a stack of
semi-finished material which originated from the end or the edges of
the SMC roll. This section might thus feature a process-related lower
fibre content. Due to the characteristics of the SMC manufacturing
process and the bundle structure of the fibrous reinforcement, a
locally divergent FVC resulted from processing and was unavoidable.
The heterogeneous microstructure and the length of the bundles,
which clearly exceeded the diameter of the specimens considered
for thermogravimetric analysis (TGA) examinations, may favour the
observed variations in fibre volume content within one sheet, between
approximately 4 vol.% and 10 vol.%.

Different regions of one sheet, for example charge and flow region,
did not show a characteristic distribution of FVC (Figure 6.11). There-
fore, a sufficiently large number of specimens extracted at differ-
ent positions of one sheet precisely describes the average real fibre
volume content and its variation within one sheet. This value is
important to know in order to describe mechanical properties based
on micromechanical approaches.

Computed tomography allowed for the definition of fibre volume
content in a non-destructive manner. The determined values based on
image processing of µ− CT data of two distinct specimens extracted
from the same sheet, were equal to 33.7 vol.% and 34.5 vol.%, respec-
tively. The experimentally determined FVC (TGA) of the considered
sheet was equal to 24.2 vol.%. The difference in results between
the two methods highlights an important point of microstructural
analyses through image processing based on µ-CT data. If the res-
olution is not high enough or the thresholds are not appropriately
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defined, individual fibres within one bundle cannot be individually
tracked. Instead, entire fibre bundles are considered to define the
FVC, although the fibre volume fraction in a bundle is only 65 % on
average (Orgéas et al., 2011).

Based on the same semi-finished material, variations in terms of
FVC did not significantly differ between 1D and 2D flow sheets.
In addition, as no distinct difference in average FVC and intra- as
well as inter-plaque variation were observed for two manufacturing
campaigns (Figure 6.10), the introduced process to manufacture non-
filled structural glass fibre SMC which premised on the hybrid resin
system, is robust.

Standard SMC formulations consider a significant amount of fillers,
which may be as high as 40 wt.% (Orgéas et al., 2011), to account
for special requirements (e.g. flame retardancy or to improve surface
quality). Fillers increase a material’s density having no enhancing
effect on the material properties in general. The discontinuous SMC
composite considered within the present dissertation is referred to
as structural SMC, featuring no fillers and a nominal fibre content
of ≈ 41 wt.%. With an average density of 1.53 g cm−3, it has a high
lightweight potential since standard SMC formulations, based on
comparable fibre content feature densities in the range of 1.75 g cm−3

to 1.95 g cm−3 (CES EduPack, 2017; Oldenbo et al., 2003).

Fibre orientation
The investigated discontinuous glass fibre SMC exhibited a signifi-
cant anisotropy in terms of fibre orientation with distinctly formed
shell and core layers (Figure 6.14 and 6.15), as typically known for
SMC materials and stated for example by Kim et al. (1992) or Le
et al. (2008). It is highly possible that the discontinuous glass fibre
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SMC considered within this study deformed in uniform extension
within the core layers, as described by Barone and Caulk (1985). The
contact of the semi-finished material with the preheated mould led
to faster movement of the material within the shell layers, usually in
the bottom half, since the material’s viscosity was decreased in the
contact zone. Splitting of fibre bundles and curvature of fibres, ob-
served within the shell layers, might be a result of the aforementioned
flow phenomena and the severe shearing of the paste-rich boundary
layers (Le et al., 2008). Furthermore, as stated by Odenberger et al.
(2004) during the initial phase of flow, outer layers of the stack are not
forced to remain outer layers and may also move axially. However,
the investigated SMC was characterised by a slightly orthotropic
fibre orientation, with a negligible amount of fibre bundles aligned
in z-direction (Ozz ≈ 0). This fibre orientation indicates that shear
deformation of the bundles due to flow was negligible and the com-
pression moulding process was preferably defined by a plug-flow of
the material. Resulting from one-dimensional (1D) flow, a preferred
orientation with more fibre bundles aligned parallel to flow direction
was observed. The ratio of Oyy/Oxx, given values averaged over
the thickness of the specimen, was equal to 1.79 for the specimens
extracted in flow direction. With a ratio of Oyy/Oxx = 1.18 (Le et al.,
2008) observed for compression moulded sheets without significant
flow, anisotropy in terms of fibre orientation becomes clear for the
SMC composite investigated within this dissertation.
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7.3.2 Mechanical behaviour and damage evolution
of discontinuous glass fibre SMC

Coupon level: Tensile, compressive and flexural properties
The mechanical properties of SMC composites depend strongly on
manufacturing parameters and material flow (Taggart et al., 1979;
Trauth et al., 2018, 2017a). The effect of fibre orientation was also ob-
served within this dissertation, and 2D flown sheets featured planar
isotropic material properties (Figure 6.25) with a factor of anisotropy
of fA = 1.05 in terms of tensile modulus of elasticity (Et) and tensile
strength (Rt). A 1D flow led to anisotropic material properties (Fig-
ure 6.26) and regardless of loading case, material properties in the
flow direction (0°) were significantly enhanced, as compared to the
material performance perpendicular to flow. Material flow during
compression moulding aligned fibre bundles in the flow direction
across the entire sheet, and no difference was observed in the me-
chanical material behaviour of charge and flow region specimens.
Tensile, compressive and flexural modulus of elasticity featured a
factor of anisotropy of fA = 1.38, 1.37 and 1.38, respectively.

Anisotropy of strength was more severe, with fA = 1.96 for tensile,
fA = 1.33 for compressive and fA = 1.67 for flexural loads. In order
to compare the effect of fibre orientation on different loading cases,
it is important to consider, that free length (between the clamping)
of specimens differed with respect to different testing procedures.
Hence, the volume of the specimen exposed to load differed (espe-
cially in terms of uniaxial compression and tension). Variations in
material properties (0°) were most important for tensile loads (CV
was in the range of 17 % to 30 %, CV of Rc and R f were below 15 %
and 11 %, respectively). Especially in terms of strength, the observed
anisotropy was more severe compared than the material investigated,
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for example, by Taggart et al. (1979) (tensile strength: fA = 1.32,
compressive strength: 1.13 < fA < 1.26). However, a more significant
effect of flow on anisotropy was stated by Boylan and Castro (2003),
with fA ≈ 1.5 for stiffness and fA ≈ 2.6 for tensile strength.

The aforementioned findings highlight the importance of determin-
ing the mechanical material properties of an SMC composite in strong
interaction with preceding flow during compression moulding. De-
pending on the resin system, fibre type and mould geometry, the
influence of material flow on resulting mechanical performance may
significantly differ and cannot be generalised.

In terms of tensile modulus of elasticity, the investigated Dico GF
SMC composite showed lower mechanical properties, compared to
a 45 wt.% polyester- based SMC material investigated by Chaturvedi
et al. (1983). The aforementioned material featured an average tensile
modulus of 14.7 GPa, but no details were presented on manufac-
turing parameters, nor mould coverage or flow condition. The Dico
UPPH-based GF SMC composites considered within this dissertation,
featuring a comparable fibre content, were characterised by a slightly
lower average tensile modulus of elasticity (13.1 GPa in flow direction
and 9.5 GPa perpendicular to flow direction). However, considering
scatter in mechanical testing, this deviation is not significant. The
tensile modulus of elasticity of a vinylester-based SMC composite
with a fibre weight content of 41 wt.% investigated by Trauth et al.
(2017a) was equal to 11 GPa in the manufacturing direction and
9.4 GPa perpendicular to the direction of manufacturing. Since the
sheets investigated by Trauth et al. (2017a) did not flow, anisotropy
was less severe ( fA = 1.19). Featuring a comparable FVC, the pre-
sented UPPH-based 2D flow Dico SMC composites (Rt = 159 MPa)
clearly outperformed the vinylester-based SMC composite in terms of
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tensile strength (Rt = 100 MPa, Trauth et al., 2017a). However, slightly
smaller specimens have been considered within this dissertation, and
due to a 100 % mould coverage realised by Trauth et al. (2017a),
entrapped air might present an explanation of the SMC composite’s
lower strength.
Determination of compressive properties was rarely carried out on
SMC materials in the past. Database values presented in the CES
EduPack (2017) indicate a compressive modulus of elasticity of a
40 wt.% glass fibre SMC, based on an unsaturated polyester of
11.6 GPa. This value ranges between the experimentally determined
value of compressive modulus of elasticity in 0° (Ec ≈ 12.6 GPa) and
90° (Ec ≈ 9.2 GPa) for the material considered within this disserta-
tion. A polyester-based SMC investigated by Taggart et al. (1979) fea-
tured comparable stiffness (Ec = 12.4 GPa), but at a lower fibre content
(25 wt.%). In terms of compressive strength, indicated values range
between 204 MPa to 284 MPa for a fibre volume content from 25 wt.%
to 65 wt.% (Table 2.3). Although the indicated values might be inferior
to the results obtained for specimens aligned perpendicular to flow
within this dissertation, experimentally determined strength values
perpendicular to flow (≈ 225 MPa) were significantly lower than a
40 wt.% unsaturated polyester-based SMC (CES EduPack, 2017) due
to a flow-induced anisotropic fibre orientation.

Compared to polyester-based SMC composites featuring a FWC of 25,
30 or 65 wt.% (investigated by Walrath et al., 1982) the UPPH-based
material investigated within this dissertation showed a significantly
higher flexural modulus of elasticity. However, compared to the
flexural properties presented by Chaturvedi et al. (1983) (polyester-
based SMC, FWC: 45 %), flexural modulus of elasticity was slightly
lower but flexural strength exceeded the values presented by
Chaturvedi et al. (1983).
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Generally, comparison of quantitative material data of different SMC
composites is difficult, since mould coverage and flow, as well as
specimen orientation, specimen geometry and testing parameters,
may significantly vary.

The investigated discontinuous UPPH-based SMC composite did not
show significant variation in terms of tensile, compressive or flexural
modulus of elasticity. Nevertheless, as generally known for SMC
materials and stated, for example, by Taggart et al. (1979), Mrkonjic
et al. (2015) or Trauth et al. (2017a) – and as summarised in Table
2.3 – the investigated UPPH based discontinuous glass fibre SMC
also exhibited a significant tensile-compression asymmetry in terms
of strength, and Rt < R f < Rc holds true. However, this finding
has to be critically reflected with respect to specimen size. This special
characteristic is important to consider when mechanical material
properties are sought to be modelled (Feld et al., 2017; Oldenbo et al.,
2004).

Exposed to tensile loads, damage of Dico GF SMC was characterised
by a failure evolution well known for SMC materials, described by
Derrien et al. (2000), Jendli et al. (2005) or Wang et al., 1983, for
example. Nevertheless, the kinking of the stress-strain curve (’knee-
point’) was not as pronounced as for standard SMC materials as de-
fined by Chaturvedi et al. (1983), for instance. The absence of fillers or
the special UPPH resin system might present possible explanations.
Elastic deformation of the investigated Dico GF SMC was followed
by the formation of interfacial cracks most likely perpendicular to
loading direction. Microcracks within the matrix started to propa-
gate, but fibre bundles aligned perpendicular to loading direction
impeded further crack growth. Cracks were forced to propagate
around the fibres, and crack growth was hence more likely to happen
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perpendicular to the loading direction. For this reason, earlier failure
of specimens with fibres preferably aligned perpendicular to flow
resulted, probably due to an easier spread of the cracks over the entire
width of the specimen. This growth of cracks explains lower strength
observed for 90° specimens (≈ 0.5·Rt of 0° specimens). Observa-
tion of post-mortem specimens exposed to tensile loads furthermore
indicated a change from individual fibre failure in the shell layers
to fibre bundle pull-out and pseudo-delamination within the core
(Figure 6.37). As indicated, material flow during moulding led to
a separation of individual filaments from the bundle structure of
the shell. In this part of the specimen, fibres were also more likely
to be characterised by a distinct curvature, which locally changed
the orientation of the fibres in the shell layers with respect to the
direction of loading (Figure 6.17). Fibres in the shell layers tended to
break as soon as strength of an individual fibre was exceeded. Due
to the slightly different orientation of the fibres, the possibility of
breakage differed for different fibres. Within the core, fibre bundles
could maintain higher loads, as stresses were transferred within the
bundle and distributed between multiple fibres. For this reason, fibre
bundles did not break as easily as single fibres, if exposed to tensile
loads but interface failure was more likely to happen, resulting in
pull-out of fibre bundles or pseudo-delamination.

Exposed to uniaxial compression, specimens mainly failed due to
shearing. Pseudo-delamination was not as important as for tensile
loadings. Compressive loads counteracted crack growth and debond-
ing, leading to higher damage tolerance of the SMC composite and
explaining higher the compressive strength of SMC materials, also
linked to higher failure strains.
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Exposed to out-of-plane loads, Dico SMC was not significantly
sensitive to shear strains, and even for a span-to-thickness ratio
of 4:1, no pure shear failure was observed. Dico GF SMC exhibited
a high damage tolerance if loaded in three-point bending, and high
deflections were possible before failure strain was reached. Fail-
ure was highly localised below the loading nose, based on chip-
ping of (Chaturvedi and Sierakowski, 1983) and failure between
fibre bundles.

Modelling approaches
Applying a generalised rule of mixtures (RoM) to estimate the stiff-
ness of the discontinuous glass fibre SMC, according to Equation
5.23, resulted in a modulus of elasticity of 7.9 GPa for an average
fibre content of 25.2 vol.% (average mean value of investigated 2D
SMC sheets, depicted in Figure 6.10). Hence, the predicted value sig-
nificantly underestimates (≈ −30 %) the experimentally determined
stiffness of a 2D GF SMC, and it is not recommended to be considered
to analytically predict the stiffness of chopped fibre SMC composites.

The Halpin–Tsai approach was based on a small number of input
parameters. However, this method does not generally account for
fibre orientation, and the predicted stiffness is most likely to represent
the material behaviour of a planar-isotropic SMC with no preferred
fibre orientation resulting from material flow. With an experimentally
determined average value of Et = 11.6 GPa determined for 2D flow
SMC sheets with an assumed planar-isotropic fibre orientation and
no distinction made between charge and flow region specimens or
0° and 90°, the analytically determined value slightly (6 %) overes-
timated the stiffness of the material. However, this variation was not
significant with respect to the intrinsic scatter of material properties
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of SMC composites and it is important to mention that the Halpin–
Tsai approach is easy to apply to gain a basic understanding of the
mechanical performance of SMC materials not exposed to uniaxial
flow during compression moulding.

Predictions based on the Mori–Tanaka approach allowed for a de-
scription of longitudinal and transverse stiffness of the material
through consideration of information on fibre orientation gained by
µ-CT observations. Deviations between experimentally and theoret-
ically predicted values were marginal (below 4 %) and may have re-
sulted from the value of fibre volume content considered for
modelling. The average fibre volume content (determined by TGA)
of the sheets from which specimens have been extracted was con-
sulted to calculate the stiffness of the specimens. However, in reality
the FVC was characterised by variations with respect to the speci-
men’s thickness. A precise determination of fibre volume content
is important to consider for this homogenisation approach, and it
would be best to consider local fibre volume contents within different
layers of the specimen according to the components of the FOTs.
This method implies, however, that only small volumes of the ma-
terial could be considered to achieve a sufficiently high resolution
of the µ-CT images. Nevertheless, with regard to the small devi-
ations, the Mori–Tanaka approach was an appropriate tool to predict
the tensile modulus of elasticity of the one-dimensionally flown
sheets, even though only an average fibre volume content of the sheet
was considered.

Given the layered structure of the SMC materials, which results due
to stacking of multiple layers of the semi-finished material prior to
moulding, a summation of the stiffness of individual layers with
respect to the neutral axis and a parallel axis theorem enhanced the
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accuracy of the predicted flexural modulus (error decreased from
15.3 % based on a simple summation to 11.3 % based on a summation
with parallel axis theorem). Nevertheless, variation between calcu-
lated and experimentally determined values was higher for flexural
stiffness than for tensile properties. Observation by means of µ-CT
was based on an alignment of the captured images to compensate for
possible misalignment of the specimen within the computer tomo-
graph. Hence, the surface layers were possibly (artificially) cropped
for image processing and could not be evaluated in terms of fibre
orientation. Since these layers most importantly influence flexural
stiffness, the effect on estimated flexural modulus is more important
compared to a possible induced error while predicting tensile modu-
lus of elasticity.

Structure level: Puncture properties
Considering puncture properties of SMC composites, a wide
literature review indicated that, so far, little attention has been paid to
rate effects.

In Trauth et al. (2018), a positive rate dependence of puncture proper-
ties was observed for SMC composites based on the same UPPH resin
system as considered within this dissertation with a comparable glass
fibre reinforcement (41 wt.%, 25.4 mm long fibres). Maximum load
and energy absorption capability significantly increased for higher
loading rates for charge (65 % and 67 %) and flow region specimens
(73 % and 64 %). The findings of Trauth et al. could be confirmed
by the results of this study (section 6.4.1). Nevertheless, the increase
in maximum load and puncture energy was slightly less important
(increase in maximum load and puncture energy was ≈ 60 % and
50 %, respectively), which could be explained by the anisotropic fibre
orientation of the 1D flow SMC sheets. In Trauth et al., 2018 2D
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flow sheets have been considered for experimental investigations. In
addition, intrinsic scatter is again important to consider.

Due to manufacturing of the SMC sheets in a compression moulding
process, variations in thickness are possible which may influence
the resulting puncture properties, and an exponential correlation
between maximum load or absorbed energy and thickness of the
specimen was observed for SMC materials (Kau, 1990; Lee et al.,
1999), as affirmed in EN ISO 6603-2 (2000). Given the results of the
present study, no significant influence of specimens’ thickness on
dynamic impact properties could be observed (coefficient of regres-
sion r2 < 0.5). Variations in fibre volume content, hence variation in
density and thus mass of the specimens, also did not significantly
influence dynamic puncture properties (r2 < 0.3).

Considering quasi-static puncture loads, strength and puncture en-
ergy correlated with h1.98 and h2.0, respectively. However, regression
coefficients (r2) were only 0.6 and 0.7, and variations in terms of
thickness of the Dico GF SMC sheets (h̄ = 2.85 mm, µ = 0.11 mm,
CV = 3.83 %) were too small to significantly affect puncture prop-
erties. Due to a very localised loading, the highly heterogeneous
microstructure had a more important effect on puncture properties.

Damage of discontinuous glass fibre SMC exposed to quasi-static
and dynamic puncture was characterised by a comparable damage
evolution. In general, it was mainly based on the formation of radial
cracks initiated below the striker. A yield point could be defined for
both loading rates, characterised by a decrease in stiffness, followed
by a second linear load-deflection response, with a reduced slope. In-
situ image capturing allowed for investigation of damage evolution,
and this yield point was linked to damage initiation on the lower
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surface, affecting the macroscopic stiffness of the material (Kau,
1990). Dico GF SMC specimens exposed to puncture loads did not
fail abruptly, and no distinct point in the force-deflection response
could be assigned to breaking. The failure was characterised by a
gradual failure linked to a slight but steady decrease of the force-
deflection evolution due to successive crack formation and growth,
strongly dependent on fibre distribution and orientation.

In the dynamic loading case, due to a relatively low stiffness of the
material, oscillation of the specimen resulted due to the impacting
energy. Although this effect is normally less severe for lower im-
pacting speeds (Cheresh and McMichael, 1986), the initial part of
the load-deflection curve of the Dico GF SMC was characterised by a
dynamic offset. Hence, calculation of the material’s puncture stiffness
is complex. The presented method to define puncture stiffness within
this dissertation accounted for a possible indentation of the striker at
the beginning of loading (Hertzian contact) and did not consider
deflections below 1 mm in the quasi-static loading case. The same
deflection range was considered for dynamic puncture for the sake
of comparability and to take the dynamic offset into consideration.

The increase in maximum load and energy absorption capability were
most likely based on different failure mechanisms, which determined
the damage evolution of the material. Failure modes of glass fibre
reinforced polymers may change with increasing loading rate (Okoli,
2001). A transition in failure modes of Dico GF SMC exposed to
puncture was already observed by Trauth et al. (2018), with fibre pull-
out and matrix cracking being more important at higher loading rates.
In addition, the matrix properties significantly influence evolving
damage, since the aforementioned failure mechanisms such as fibre
pull-out, for example, strongly rely on the fibre-matrix interfacial
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strength (Mallick, 2007). Jendli et al. (2005) also concluded that,
exposed to higher loading rates, the fibre-matrix interface failure
strength of SMC composites significantly increased.

7.4 Continuous carbon fibre SMC

7.4.1 Microstructural aspects of
continuous carbon fibre SMC

The fibre volume content (FVC) of continuous carbon fibre SMC was
generally higher than the nominal fibre content for the same reasons
as described in section 7.3.1. Due to the continuous reinforcement,
which somehow eliminates the effect of TGA specimen size, intra-
plaque variations were lower than for the discontinuous material (be-
low 5 % with the exception of one sheet). However, thinner sheets
were characterised by a higher scatter. A possible explanation might
be insufficient impregnation, which was most severe for the thinnest
(h ≈ 1 mm) sheets, as depicted in Figure 7.2. Dry spots possibly
resulted from a too small amount of resin on the upper and lower
carrier foil during manufacturing of the semi-finished material. In
addition, if pre-curing of the special UPPH resin system is not suffi-
ciently controlled by heating and cooling down the SMC mat on the
conveyor belt or due to a too long delay between manufacturing of
the semi-finished material and the following compression moulding
step, the material may be at risk to dry out. Since dry spots were
not observed in such a significant amount on thicker Co CF SMC
sheets, re-impregnation of thicker sheets (distribution of resin) might
be possible during moulding.
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10 mm

Figure 7.2: Dry spots on compression moulded continuous carbon fibre SMC sheet
featuring a nominal thickness of 1 mm.

7.4.2 Mechanical behaviour and damage evolution
of continuous carbon fibre SMC

Coupon level: Tensile, compressive and flexural properties
Manufacturing of continuous carbon fibre SMC, based on an adopted
SMC process, is reliable and leads to a continuous carbon fibre
composite with properties comparable to those of conventional uni-
directional carbon fibre reinforced polymers (Trauth and Weiden-
mann, 2016). However, resulting material properties were determined
by a significant scatter. Inhomogeneities in the material due to locally
insufficient impregnation and thus variations in fibre volume content
and fibre misalignment were the most important reasons for the
observed scatter. Considering tensile loads, an increasing FVC did
not automatically lead to enhanced tensile properties due to the
aforementioned detrimental properties of the Co CF SMC sheets.
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Furthermore, preliminary tests showed that mechanical performance
tends to decrease if continuous carbon fibre SMC sheets were stored
and mechanically loaded at a later time (Figure 6.4). The com-
plex B-stage evolution combined with variable time frames between
manufacturing of semi-finished materials and moulding or between
testing campaigns may explain the observed tendencies. However,
such investigations were not in the scope of this dissertation, and
further investigation must be made to better understand the curing
characteristics and ageing effects of Co CF SMC.

The mechanical material performance of the continuous carbon fibre
SMC was significantly determined by a tension-compression
anisotropy. As commonly stated in the literature (e.g. Serna Moreno
et al., 2016; Soutis, 1997), compressive strength was significantly
lower than tensile strength. The anisotropy most possibly resulted
from shear mode deformation (fibre microbuckling or kinking) (Ber-
binau et al., 1999; Rosen, 1965). According to Naik and Kumar
(1999) kinking is defined as a direct consequence of localised plastic
microbuckling, coupled with low failure strain of the reinforcing
material. This failure mode was first (analytically) described by
Rosen (1965), who stated, that due to the small diameters of the
individual fibres, described as slender columns, buckling is highly
possible, although the composite may not tend to buckle on the
macroscopic scale. A weak radial bond between the fibres further
favours this failure mode if the composite is exposed to compressive
loads (Hahn and Williams, 1986), and shear properties of the matrix
become extremely important (Eyer et al., 2016). In contrast to tensile
stiffness and strength, which are fibre-dominated properties of a
continuous material, the matrix properties play a more decisive role
if a unidirectional composite is loaded in compression. The low
compressive strength of the continuous carbon fibre SMC is a limiting
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parameter in designing hybrid CoDico SMC structures. With a ratio
of Ec/Et ≈ 0.8 and Rc/Rt ≈ 0.4, deviation between the tensile and
compressive stiffness and strength of the investigated continuous
carbon fibre SMC was more severe compared to values presented in
the literature (e.g. Rc/Rt ≈ 0.6 (Budiansky and Fleck, 1993). Limited
compressive strength also resulted in early failure initiation due to
compressive strains during out-of-plane loading of continuous carbon
fibre SMC.
As depicted in Figure 7.3, in some cases Co CF SMC was charac-
terised by a significant misalignment of the fibres with respect to axis
of the sheet, hence loading direction. Possible sources of the resulting
fibre misalignment are the feeding of the dry non-crimp fabric at the
beginning of the conveyor belt, a shifting during manufacturing of
the semi-finished material or an inaccurate placement of the semi-
finished sheet on the cutting table or inside the mould, as well as
stacking of different layers of the semi-finished material prior to
moulding. In addition, extraction of the specimens for mechanical
characterisation may also influence the fibre orientation within the
specimens. Fibre misalignment significantly affects strength of uni-
directionally reinforced composites, especially in terms of uniaxial
compression (Wisnom, 1990). In addition, deviations from an ideal
parallel fibre orientation of unidirectional fibre-reinforced composite
with respect to loading direction reduces resistance to splitting (Hil-
lig, 1994). Observation of failure evolution resulting from uniaxial
tension indicated that Co CF SMC characterised by a distinct fibre
misalignment likely failed due to the formation of inter-fibre cracks.
Cracks were most likely initiated where misaligned fibre bundles met
the edges of the specimens. The evolution of the stress-strain curve
prior to final failure reflected successive crack formation and growth.
If misalignment was not too pronounced, specimens likely failed due
to fibre fractures and spontaneous bursting. The failure evolution of
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continuous carbon fibre reinforced materials usually depends heavily
on the fibre matrix interface (Hamada et al., 1997), which might also
play an important role in the evolving damage of the investigated Co
CF SMC composites within this dissertation, since a weak interface
might favour the formation and growth of inter-fibre fractures.

10 mm

1

2

Fibre axis
Specimen axis - loading direction

Figure 7.3: Macroscopic observation showing fibre misalignment of continuous carbon
fibre SMC composite.

Additionally, the microstructure of continuous carbon fibre SMC was
characterised by fibre waviness. It was defined by an out-of-plane
ondulation resulting from the stitching yarns of the individual layers
(Figure 7.4) and the stacking of several semi-finished sheets to ob-
tain moulded plaques featuring different thicknesses. Fibre misalign-
ment and fibre waviness (in- and out-of-plane misalignment) resulted
from the organisation of fibres (multiple filaments) in bundles, which
were held together by stitching yarns. Fibre waviness generally has
a negative influence on material and laminate properties consisting
of unidirectional carbon fibre reinforced layers (Adams and Hyer,
1994; Wisnom, 1990, 1999). It influences not only tensile but also
compressive properties such that the greater the misalignment, the
weaker and more compliant the laminate (Budiansky and Fleck, 1993;
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Mrse and Piggott, 1993). Simulation of tensile and compressive fail-
ure of continuous carbon fibre reinforced materials loaded perpendic-
ular to the fibre direction reveal that the tension fracture initiates as
interfacial debonding and evolves as a result of interactions between
interfacial debonding and matrix plastic deformation, while the com-
pression failure is dominated by matrix damage (Lei et al., 2012).

3

2

500 µm
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Figure 7.4: Microscopic observation of continuous carbon fibre SMC (axis 1 is parallel
to the fibres) showing ondulation and fibre waviness.

Modelling approaches
With regard to the aforementioned microstructural particularities,
analytical prediction of tensile modulus of elasticity in the fibre
direction through the application of a rule of mixtures significantly
overestimates the experimentally determined value by 20 %. In-
deed, the Voigt bound is the upper bound of a predicted mater-
ial property, assuming all fibres are perfectly aligned in the fibre
direction. A misalignment of fibrous reinforcement decreases the
resulting material stiffness, with an increasing misalignment angle.
Taking into account that matrix failure strain (εmax ≈ 3 %) is higher
than (carbon) fibre failure strain (εmax ≈ 2 % CES EduPack, 2017),
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and hence strength prediction according to Figure 2.5a, it was pos-
sible to estimate tensile strength of Co CF SMC featuring a FVC
of 55 vol.%. With the described approach, analytically determined
strength equals ≈ 2300 MPa. The average experimental value of
1424 MPa is 60 % lower. This significant deviation might underline
the effect of fibre misalignment, ondulation and dry spots observed
for the continuous carbon fibre SMC. In addition, the fibre strength
defined by the supplier might be a result of fibre bundle and not
single-fibre testing, hence deviating from real fibre properties. Con-
sidering the technical data sheet of the supplier, which lists the
material properties of the non-crimp fabric in a unidirectional layup,
as considered within this dissertation (Zoltek, 2018c), the average
strength value of 1440 MPa (FVC of 55 vol.%) is in the same range as
the experimentally defined value.

Structure level: Puncture properties
Puncture properties of carbon fibre reinforced composites show most
likely no variation of mechanical performance due to a variation of
loading rate (Caprino et al., 2003; Trauth et al., 2018), and a possible
explanation might be the non-rate sensitivity of the carbon fibres
(Zhou et al., 2010). The continuous carbon fibre SMC composite in-
vestigated within this dissertation even exhibited a slightly
negative rate dependence in terms of strength and energy absorption
capability. The parallel fibre bundles were no important obstacle
for the striker, which easily punctured the specimen especially at
higher loading rates, hence impacting energies, and failure was brittle
and catastrophic.

The resulting force-deflection response, regardless of puncture ve-
locity, was characterised by an increase to maximum load, which was
followed by a sudden load drop. Failure was mainly based on the
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formation and growth of inter-fibre cracks. Once initiated, fractures
grew easily and spontaneously. A yield point leading to a slightly
decreased slope in the quasi-static loading case, was hence linked to
very low deflections (below 1 mm) and indicated the early onset of
failure. For this reason, stiffness was defined by fitting the slope of
the force-deflection response below a deflection of 1 mm.

In general, impact or puncture testing of continuously reinforced
materials is based on laminates featuring a stacking sequence which
deviates from a purely unidirectional reinforcement with only 0° plies
(e.g. Belingardi and Vadori, 2002 and Li et al., 2002). The architecture
of fibrous reinforcement of the Co CF SMC considered within this
dissertation is not suitable to sustain puncture loads. However,
puncture testing of Co CF SMC within this dissertation aimed to
define a reference of puncture properties and to evaluate the effect of
hybridisation in a subsequent step. For this reason, the same layup of
the continuous carbon fibre SMC, considered for hybridisation (only
0°) was taken into account to deduce puncture properties.

7.5 Continuous-discontinuous
glass/carbon fibre SMC

7.5.1 Microstructural aspects of continuous-
discontinuous glass/carbon fibre SMC

The two different SMC composites (Dico GF and Co CF SMC) feature
a comparable density of ρDico = 1.53 g cm−3 and ρCo = 1.50 g cm−3.
Hence, the density of the hybrid SMC had a similar magnitude.
Scanning electron microscopy (SEM), µ-CT and macroscopic obser-
vations enabled investigation of the microstructure of the hybrid

308



7.5 Continuous-discontinuous glass/carbon fibre SMC

CoDico SMC composite (section 6.2). The results most importantly
depicted a transition zone between the discontinuous and the con-
tinuous material, and no sharp or distinct interface was formed. The
material flow of the discontinuous component locally pushed the
continuous fibre bundles apart during moulding. The glass fibre
bundles’ individual fibres spread and separated from the bundles
and showed a higher curvature in the transition zone, similar to the
microstructure, which was observed for pure discontinuous glass
fibre SMC. As known for standard SMC materials, bundle struc-
ture was not influenced in the core layers in terms of separation
or curvature. Fibre orientation distribution within the discontinuous
component of the hybrid SMC was comparable to the evolution of the
components of the fibre orientation tensor over thickness of a pure
discontinuous glass fibre material (Figure 6.19). Comparable average
values were obtained (Oyy ≈ 0.6 [flow direction] and Oxx ≈ 0.4).
The transition zone within the hybrid material featured a thickness
of ≈ 0.5 mm (Figure 6.20).

As already discussed by Mallick (1986) and Corbridge et al. (2017), the
misalignment of the continuous material, resulting from crossflow of
the discontinuous component in a one-shot compression moulding
process of hybrid SMC sheets, also negatively affected resulting
material properties of the hybrid CoDico GF/CF SMC investigated
within this dissertation. Failure evolution due to inter-fibre fracture
was favoured by misaligned fibres meeting the edge of the specimen.
Taking into account the manufacturing process presented within this
dissertation, there was no significant cross-flow of the discontinuous
material during moulding of the hybrid SMC sheets. However,
hybrid SMC sheets were nevertheless characterised by a significant
(local) spreading and fibre misalignment (Figure 6.22). Thus, al-
though the stack of discontinuously reinforced semi-finished material
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featured the same width as the mould, local cross-flow occurred.
Since there was no stabilising mechanism (fixation) perpendicular to
the fibre axis, shearing and pushing apart usually occurred between
different continuous carbon fibre bundles.

7.5.2 Mechanical properties, damage evolution
and hybridisation effect

7.5.2.1 Coupon level

The following section deals with the discussion of mechanical ma-
terial properties and failure evolution of the CoDico GF/CF SMC at
the coupon level. Different criteria to evaluate a hybridisation effect
are discussed and the effect of hybridisation in terms of mechanical
performance and damage evolution is considered.

Evaluation of hybridisation effects
The primary objective of hybrid composites is to enhance a distinct
property of a material, structure or component which might be of
mechanical, physical or thermal origin, for example. Within this
dissertation, only mechanical properties were of interest. For this
purpose, in terms of uniaxial loads, the effect of hybridisation was
evaluated for material properties in the fibre direction of the continu-
ous component. The arithmetic mean value of distinct properties was
accounted for (with no difference between charge and flow region
specimens) to evaluate the effect of hybridisation (EoH2), and the
mechanical performance of the Dico GF SMC was considered as a
reference. Due to the brittle nature of continuous fibre reinforced
composites, failure strain and deflection at failure of the Co CF SMC
were considered references to evaluate a possible enhancement of
damage tolerance resulting from hybridisation.
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Taking a deviation from the rule of mixtures into consideration to
evaluate an effect of hybridisation (EoH1) is suitable only for uniaxial
loadings. In addition, it is important to precisely describe the volume
fractions occupied by the individual constituents, as stated by Phillips
(1976). The thickness of the investigated hybrid CoDico GF/CF SMC
sheets (h̄ = 2.91 mm) featured only slight variations (µ = 0.06 mm,
CV = 2.19 %). Nevertheless, the thickness of the continuous reinforce-
ment was characterised by high variations. As depicted in Figure 6.22
and Figure 7.5, the pushing apart of the continuous carbon fibres in
the transition zone, even locally, led to a disruption of the continuous
reinforcement.

1 mm

z

y

Co CF

Dico GF

Co CF

Figure 7.5: Section through a compression moulded continuous-discontinuous
glass/carbon fibre SMC specimen to depict layered structure, spread carbon fibre
bundles and variable thickness of the continuous reinforcement.

The inconsistency of continuous reinforcement, especially, compli-
cated predictions of the material properties. Consequently, a thick-
ness of 2 · 0.33 mm of the face sheets and h = 2.91 mm of the lam-
inate was considered (hence (2 · h f )/h = 0.23) to apply a rule of
hybrid mixtures according to Equation 5.44. Furthermore, a variation
of ± 0.05 mm was considered to define scatter whilst modelling
material properties.
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Tensile modulus of elasticity and tensile strength
When characterising hybrid composites, it is generally not recom-
mended to measure displacements with strain gauges or an exten-
someter, since these techniques do not account for the variability of
locally different material properties resulting from the anisotropic
and heterogeneous microstructure of the material (Feraboli et al.,
2009). Digital image correlation, however, provides an appropri-
ate measurement technique to account for microstructural hetero-
geneities (Johanson et al., 2015; Selezneva and Lessard, 2015). It also
offers a possibility to investigate damage evolution (Laurin et al.,
2012). This contactless measurement technique also provides the
important advantage, that a partial failure does not lead to distorted
strain measurements which could result from a measurement with
devices which have contact with the specimen (e.g. an extensometer).
The following discussion of mechanical performance within this sec-
tion is based on the results and findings presented in section 6.3.3.

As clearly indicated in Figure 7.6, which sums up the tensile proper-
ties of the two individual and the hybrid SMC composites, a linear
correlation was observed for tensile modulus of elasticity and tensile
strength due to hybridisation.
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Figure 7.6: Tensile properties of continuous carbon fibre SMC, discontinuous glass
fibre SMC and continuous-discontinuous glass/carbon fibre SMC to evaluate the
hybridisation effect (• = median, box indicates 25th to 75th percentile; lines indicate
minimum and maximum or 1.5 interquartile range, respectively).

Hybridisation of SMC composites within this study led to a signifi-
cantly increased tensile modulus of elasticity (+169 %).

Earlier attempts to hybridise SMC materials also showed hybridisa-
tion effects in terms of tensile stiffness. With combined reinforcement
based on chopped and continuous glass fibres, the tensile modu-
lus of elasticity significantly increased with the increasing content
of the continuous component. For a ratio of the two components
comparable to the ratio of the hybrid SMC composites investigated
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within this dissertation, a unidirectional reinforcement resulted in
an average stiffness increase of 57 % (Sridharan, 1982). The effect of
hybridisation was less pronounced than in the results of the present
study, since only glass fibres were considered as reinforcement, fea-
turing a significantly lower tensile modulus of elasticity compared to
carbon fibres.

Sridharan (1982) pointed out that the ratio of continuously and dis-
continuously reinforced plies forming an interlayer hybrid SMC is
the factor most responsible for the resulting stiffness of the hybrid
material. The increase of stiffness was proportional to the volume
content of the continuous component. Investigations by Trauth and
Weidenmann (2016) resulted in a stiffness increase of 284 % if the
ratio of continuous/discontinuous SMC was 1:2 and the continu-
ous material was placed in the middle. For a ratio of 2:1 with
two continuously carbon fibre reinforced face sheets, the stiffness
increase was more substantial (647 %). A two-sided reinforcement
of a standard SMC composite (based on a mixture of thermoset and
thermoplastic resin system with 30 wt.% of glass fibres and 46 wt.%
of fillers) by non-crimp carbon fibre fabrics in ± 45° configuration,
led to a stiffness increase of 125 % (Gortner et al., 2015a). The effect
of continuous reinforcement of the hybrid CoDico SMC investigated
within this dissertation was more distinct. With a nominal thickness
of the hybrid SMC sheets of 2 – 3 mm considered by Gortner et al.
(2015a) and the thickness of each layer of the ± 45° reinforcing layers
of ≈ 400 µm, the ratio of (2 · h f )/h equalled 0.27 – 0.4 in the cited
publication. Although this ratio of (2 · h f )/h was slightly higher
compared to the hybrid material considered within this study, the
lower increase of stiffness resulted from the orientation of the carbon
fibres, which were not aligned in loading direction (± 45°).
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7.5 Continuous-discontinuous glass/carbon fibre SMC

A combination of a glass fibre SMC (based on an unsaturated poly-
ester, with either 25 or 50 wt.% of glass fibres and a significant
amount of fillers) with pre-impregnated carbon fibres, in a woven
configuration, led to a stiffness increase of 20 % and 41 %, respectively.
If unidirectional pre-impregnated carbon fibres were considered, the
increase of tensile modulus was more distinct (100 %, 200 %) due to
the alignment of carbon fibres in loading direction (Wulfsberg et al.,
2014). No indication was made concerning ratio between the continu-
ous and discontinuous components; hence, a direct comparison with
the results obtained within the present dissertation is not possible.

The approach to hybridise SMC composites presented within this
dissertation led furthermore to an almost tripled tensile strength
(193 %, Figure 7.6). Given the aforementioned references, this effect
was more distinct, as compared to a hybrid SMC composite rein-
forced solely by glass fibres (124 %, Sridharan, 1982). A hybridisation
based on two ± 45° non-crimp fabrics increased tensile strength by
350 % (Gortner et al., 2015a). At a first glance, this value seems more
remarkable compared to the results achieved by the hybridisation
approach described within this dissertation, but with an average
tensile strength of only ≈ 40 MPa of the pure discontinuous glass
fibre SMC, the reference value to determine the effect of hybridisation
was decisively lower.

A woven carbon fibre pre-impregnated fabric increased the tensile
strength of discontinuous glass fibre SMC, featuring a fibre content of
25 wt.%/ 50 wt.%, respectively, 17 % and 33 %. A unidirectional car-
bon fibre pre-impregnated fabric increased tensile strength of the
same discontinuous glass fibre SMC composites 167 % and 200 %.
The architecture and orientation of the continuous reinforcement
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determined effect of hybridisation (Wulfsberg et al., 2014). Con-
sidering a unidirectional reinforcement and a discontinuous glass
fibre SMC featuring a FWC of 50 %, hybridisation was in the same
range as the results of mechanical characterisation of the UPPH-based
CoDico GF/CF SMC.

Modelling of tensile properties
A rule of hybrid mixtures (Equation 5.44), based on the properties
of the individual components, was already frequently considered to
determine and predict the stiffness of hybrid short fibre reinforced
composites (Fu et al., 2000, 2001), particle-short fibre hybrid compos-
ites (Fu et al., 2002), hybrid composites based on a combination of
unidirectional fibres and fabrics (Ikbal et al., 2016) and continuous
fibre hybrids (Swolfs et al., 2014). As yet, little attention has been
paid to analytical modelling of interlayer hybrid composites based
on both continuous and discontinuous fibrous reinforcement.

Based on the experimental results of this dissertation, a rule of hy-
brid mixtures, presented in 5.44, enabled accurate prediction of the
tensile stiffness of a hybrid CoDico SMC (Figure 6.105). If a ratio of
(2 · h f )/h = 0.23 is considered, the analytically predicted stiffness
value of 35.3 GPa matches very well with the experimentally deter-
mined value (Figure 6.49).

Presented by Zweben (1977), early attempts to predict the tensile
strength of hybrid materials, derived from a combination of different
fibre types in unidirectional configuration, were based on statistical
analysis of failure mechanisms. A more basic estimation of the
strength of a hybrid composite exposed to uniaxial loads may follow
the rule of hybrid mixtures (presented in section 5.4.1), with the com-
ponents PC1 and PC2 referring to the strength of the two individual
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fibre reinforced materials combined in a laminate. However, as stated
by Manders and Bader (1981), for instance, it is highly possible that in
hybrid composites which feature only a low amount of the stiffer and
more brittle component, where the predominating fraction is based
on the less stiff and more ductile component, the hybrid might be
able to carry additional loads after the brittle component has failed.
Hence, a bilinear rule of hybrid mixtures might be more appropriate
to estimate the strength of hybrid interlayer composites.

A bilinear rule of mixtures was already successfully applied to pre-
dict strength of hybrid materials based on a combination of dif-
ferent unidirectionally arranged fibre types (Manders and Bader,
1981). Recently, it was also considered to predict strength of hybrid
glass/carbon composites reinforced by two different types of woven
fabrics (plain weave glass and twill weave carbon) (Zhang et al., 2012)
or satin weave carbon and plain weave glass fibre fabrics (Pandya
et al., 2011). The approach of a bilinear rule of hybrid mixtures
is now extended to hybrid composites based on continuous and
discontinuous fibre reinforcements. The homogenised properties of
the two components are considered as input parameters. Basically,
the strength of a hybrid composite (σhyb,max) exposed to uniaxial
in-plane loads, can be described according to the model presented
in Figure 2.5a. The tensile strength for low fractions of the low
elongation fibrous reinforcement C1 (in the case of this dissertation
corresponding to the Co CF SMC face sheets) equals

σhyb,max = σC2,max · (1− φC1), (7.1)
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with σC2,max the tensile strength of C2 and with φC1 the volume frac-
tion of component C1. If the volume fraction of C1 increases, the
strength of the hybrid composite is equal to

σhyb,max = σC1,max · φC1 + σC2(εC1,max) · (1− φC1). (7.2)

Generally, C1 features a lower failure strain than C2, and εC1,max

represents the failure strain of the brittle component C1. The term
σC2(εC1,max) refers to the stress within component C2 at the
moment of failure of component C1, equal to the strain εC1,max,
and is calculated by applying Hooke’s law, hence assuming linear
elastic behaviour of C2 up to failure of C1. This is an idealised
assumption. The presented bilinear rule of hybrid mixtures predicted
a tensile strength of 459 MPa of the CoDico GF/CF SMC. This value
slightly underestimate the experimentally determined value, and a
positive hybridisation effect (13 %) can be stated, as clearly depicted
in Figure 7.7.

Analytically predicted tensile strength based on a linear rule of mix-
tures did not significantly differ from the strength value determined
with a bilinear rule of mixtures since no important variation between
failure strain of Dico GF and Co CF SMC resulted from uniaxial
tension. The predicted tensile strength equalled 464 MPa (positive
hybridisation effect of 12 %). The average value as well as the 25th

and the 75th percentile are depicted to account for variations in me-
chanical performance and the strength of the individual components.
For the sake of clarity, only average values are depicted to calculate
the linear rule of hybrid mixtures.
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Figure 7.7: Prediction of tensile strength of hybrid continuous-discontinuous
glass/carbon fibre SMC based on a linear rule of hybrid mixtures (RohM) and a bilinear
rule of hybrid mixtures (bilinear RohM) with rectangle and error bars indicating
experimentally determined values.

The strength of CoDico GF/CF SMC composites was mainly deter-
mined by the continuous component. Minimal and critical content of
the reinforcing continuous material (equivalent to minimal and crit-
ical fibre content in a composite, defined by Kelly and Davies (1965),
were extremely low. As depicted in Figure 7.8, stress-strain evolution
of the hybrid CoDico SMC composite was mainly determined by
the continuous carbon fibre SMC and showed a linear increase up
to brittle fracture.
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Figure 7.8: Representative stress-strain curves of discontinuous glass fibre, continuous
carbon fibre and continuous-discontinuous glass/carbon fibre SMC resulting from
uniaxial tension.

Small load drops (Figure 6.51), which resulted from partial failure
of some specimens, did not influence the overall evolution of the
stress-strain curve. The tensile failure strain of CoDico SMC com-
posites was increased (15 % compared to failure strain of continu-
ous carbon fibre SMC). In terms of hybrid composites, this effect is
often described as pseudo-ductility (Hayashi, 1972). According to
Ikbal et al. (2016), the hybrid structures may show some ductility
because of their mixture of a certain amount of brittle carbon fibres
combined with ductile glass fibres. Exhibiting a slightly enhanced
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tensile failure strain of the discontinuous SMC composite, damage
evolution in continuous carbon fibre reinforced parts of the material
is constrained because of surrounding glass fibres. Hence, the carbon
fibre reinforced part of the hybrid material may sustain greater strain
before failure, and the (tensile) failure strain of hybrid configuration
increases. However, ductility in general refers to a more gradual
failure evolution. Considering that final failure of hybrid CoDico
GF/CF SMC composites was still characterised by a catastrophic and
brittle failure, pseudo-ductility, as defined by Swolfs et al. (2014), for
example, might not be the appropriate term, and enhancement of
failure strain is a better description of the observed effects.

Failure evolution resulting from uniaxial tension
Fibre orientation (misalignment) and inconsistency of the continuous
face layers (pushed apart, leading to resin-rich regions) significantly
determined the failure evolution of hybrid CoDico GF/CF SMC
composites. For the investigated hybrid CoDico SMC composites,
tensile failure stems from on a combination of damage mechanisms,
characteristic of the discontinuous and the continuous components.
As clearly depicted in Figure 7.8, no stiffness degradation, charac-
teristic of the discontinuous component and resulting from evolving
damage, was observed for the hybrid CoDico GF/CF SMC. Failure
within the discontinuous glass fibre SMC, hence crack formation
and growth, which might nevertheless be possibly present within
the specimen, did not influence the global stress-strain response
of the hybrid CoDico GF/CF SMC in a significant way. In the
end of loading, the discontinuous component failed due to pseudo-
delamination between different bundles, and the failure of the con-
tinuous phase was mainly defined by fibre fractures for small angles
of misalignment. Damage was more likely to be defined by inter-fibre
fractures and splitting for larger angles of misalignment. In addition,

321



7 Discussion

(intra- and interlayer) delamination occurred. The superposition of
failure mechanisms, characteristic of the individual components of
a hybrid material has already been observed for comparable hybrid
materials (Selmy et al., 2011).

The specific carbon fibre bundle structure, hence the characteristic
pattern of the stitching yarns, significantly influenced evolving strains
of the continuous carbon fibre SMC (Figure 7.9) and led to a locally
highly heterogeneous strain field if the pure Co CF was loaded in ten-
sion. In contrast, the strain field of hybrid CoDico GF/CF SMC could
most likely be described as homogeneous in the loading direction.

The resulting strain field (εxx) was thus strongly influenced by the
discontinuously reinforced core layers. Local crack initiation and
growth, characteristic for the failure of Dico GF SMC (Figure 6.34
and 6.35), was not observed at the surface layer of the hybrid CoDico
SMC, and the resulting strain field remained globally and qualita-
tively homogeneous up to fracture. In contrast, transverse strains
(εyy) were characterised by a highly heterogeneous evolution. Driven
by slightly different Poisson’s ratios of the continuous and discon-
tinuous material (Co CF SMC: νt = 0.32 and Dico GF SMC νt = 0.38),
differences in transverse strain, as clearly depicted in Figure 7.9 might
be explained, resulting furthermore from inconsistent continuous
reinforcement in the shell layers. In addition, the pushing apart of the
carbon fibre bundles resulted in locally not continuously reinforced
specimens, so transverse strains in these locations depend on the
properties of the discontinuous material.
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Figure 7.9: Strain fields resulting from uniaxial tension of discontinuous glass fibre
SMC, continuous-discontinuous glass/carbon fibre hybrid SMC and continuous car-
bon fibre SMC corresponding to a global average strain εxx,global ≈ 1 %.

Compressive modulus of elasticity and compressive strength
The compressive stiffness and strength of Dico GF SMC, Co CF SMC
and CoDico GF/CF SMC are summarised in Figure 7.10.

The investigated hybrid CoDico GF/CF SMC composite exhibited
a significant increase in compressive modulus of elasticity (143 %).
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The resulting stiffness could accurately be predicted by a rule of
hybrid mixtures described in Equation 5.44 and depicted in Figure
6.105. The effect of hybridisation was less significant than for a
vinylester-based discontinuous glass fibre SMC reinforced by layers
of continuous carbon fibre SMC (based on unsaturated polyester-
polyurethane resin system). The described hybrid laminates, inves-
tigated by Trauth and Weidenmann (2016), were characterised by an
increase of compressive modulus of elasticity of 240 % and 680 %,
depending on the ratio of continuous-discontinuous material, respec-
tively. Comparable to tensile properties, the effect of hybridisation on
material’s stiffness depended strongly on the ratio of the combined
materials, with the continuous material dominating the enhancement
of the global stiffness. In general, specimens investigated by Trauth
and Weidenmann (2016) featured thicker continuous face layers with
a ratio of (2 · h f )/h ≈ 0.3 – 0.6; therefore, enhancement of material’s
stiffness was more significant than in the results presented within
this dissertation. Since the continuous carbon fibre SMC exhibited
an anisotropy in terms of tensile and compressive properties, com-
pressive modulus of elasticity of the hybrid CoDico GF/CF SMC was
also slightly lower than the tensile counterpart, and Ec = 0.86· Et held
true for the hybrid CoDico SMC.

A hybridisation of the investigated SMC composites did not affect
the compressive strength of the discontinuous SMC. A similar ef-
fect was stated by Ikbal et al. (2016) considering the compressive
strength of a hybrid (unidirectional) glass and carbon fibres rein-
forced composite. A slight decrease of 2 % of compressive strength
was even observed (Dico GF SMC Rc = 298 MPa and hybrid CoDico
GF/CF SMC Rc = 292 MPa). This difference, however, resulted more
likely from scatter in material properties of the two components.
In contrast, Trauth and Weidenmann (2016) reported an increase of
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63 % and 136 % considering the compressive strength of a hybrid
CoDico SMC laminate. The specific layup, which consisted of several
layers of the continuous carbon fibre reinforced prepreg considered
as face layers significantly increased compressive strength within the
aforementioned study.
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Figure 7.10: Compressive properties of discontinuous glass fibre SMC, continuous
carbon fibre SMC and continuous-discontinuous glass/carbon fibre SMC (• = median,
+ = mean, box indicates 25th to 75th percentile; lines indicate minimum and maximum
or 1.5 interquartile range, respectively, ◦ = outlier).

In contrast, face sheets within this present dissertation consisted of
only one layer of continuous carbon fibre reinforced prepreg. This
approach resulted in a lower damage tolerance of the Co CF SMC
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exposed to uniaxial compression. A positive hybridisation effect in
terms of compressive strength (increase of ≈ 10 %) was also reported
by Pandya et al. (2011), based on investigation of the mechanical
performance of hybrid materials made from unidirectional glass and
carbon fibres.

Modelling of compressive properties
A linear and bilinear rule of hybrid mixtures to estimate the stiffness
of the CoDico GF/CF SMC composite may also be considered for
compressive loads, and Figure 7.11 depicts the results of the analytical
modelling of the compressive strength of the hybrid SMC. Analyt-
ically determined compressive strength of hybrid CoDico GF/CF
SMC by means of a linear rule of hybrid mixtures equalled 360 MPa.
This value leads to a negative hybridisation effect (EoH2: −23.5 %).
Considering the bilinear rule of hybrid mixtures, the realised ratio of
face sheet thickness to global thickness of the laminate may theoreti-
cally not enhance the mechanical performance of the hybrid CoDico
GF/CF SMC in terms of strength, due to low compressive failure
strain of the continuous component. Considering the idealised model
of a bilinear rule of hybrid mixtures and the material properties of
the individual components as input parameters, the realised ratio of
(2 · h f )/h ≈ 0.23 was too low to reach the critical or minimal content
of continuous reinforcement to enhance compressive strength. The
compressive properties of hybrid CoDico GF/CF SMC were hence
mainly determined by the material properties of the discontinuous
material, because of an early failure of the continuously reinforced
face sheets linked to low failure strain. A negative hybridisation effect
in terms of compressive strength was also reported by Piggott and
Harris (1981), based on investigations of pultruded fibre composite
rods made from polyester resin and mixtures of carbon, Kevlar and
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glass fibres. Hence compressive loads are more critical to consider if
a hybrid composite is sought.
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Figure 7.11: Prediction of compressive strength of hybrid continuous-discontinuous
glass/carbon fibre SMC based on a (linear) rule of hybrid mixtures (RohM) and
a bilinear rule of hybrid mixtures (bilinear RohM) with rectangle and error bars
indicating experimentally determined values.

Failure evolution resulting from uniaxial compression
Measurement of compressive strains was not possible up to final
failure, with the clip-on extensometer due to an early and partial
failure of the continuous face sheets (slipping of the sensor). Digital
image correlation on the front side of the specimen was confronted
with the same difficulties, since facets got lost when first failure
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occurred. Consequently, digital image correlation was applied to the
side face of selected specimens to capture representative stress-strain
curves of a hybrid CoDico SMC specimen resulting from uniaxial
compression. In this manner, the global deformation of the specimen
could be captured up to final failure, and Figure 7.12 depicts repre-
sentative stress-strain curves of the Dico GF SMC, Co CF SMC and
hybrid CoDico GF/CF SMC exposed to uniaxial compression, with
the deformation of the hybrid CoDico GF/CF SMC determined by
means of digital image correlation.

Evolution of the stress-strain response of the hybrid CoDico GF/CF
SMC was mainly determined by the continuous component, featuring
a steady (linear) increase from beginning of loading almost to (brittle
and spontaneous) final failure. The compressive failure strain was
approximately equal to 1.15 % (µ = 0.12 %, CV = 10.4 %) considering
three specimens evaluated by means of digital image correlation on
the side face. Hence, failure strain was doubled compared to the
compressive failure strain of the Co CF SMC. However, first failure,
which manifested in fibre breakage in the face layers, was linked
to a compressive strain of εc ≈ 0.3 % (corresponding to point A in
Figure 6.64). Since the continuous face sheets consisted of only one
layer of the semi-finished continuous SMC material, microbuckling
and fibre fracture may be linked to lower deflection, in comparison
to the pure continuous carbon fibre specimen, which consisted of six
layers of semi-finished Co CF SMC. Up to final failure, the CoDico
GF/CF SMC was supported by the discontinuous component until
compressive strength of the discontinuous component was reached.
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Figure 7.12: Representative stress-strain response of discontinuous glass fibre, continu-
ous carbon fibre and continuous-discontinuous glass/carbon fibre SMC exposed to
uniaxial compression.

Flexural modulus of elasticity and flexural strength
Flexural properties in terms of stiffness and strength of the two indi-
vidual and the hybrid material are summarised in Figure 7.13. Flex-
ural properties of the hybrid CoDico GF/CF SMC composites were
characterised by a significant positive hybridisation effect. Flexural
modulus increased 370 % (Figure 7.13). Exposed to flexural loads,
the layer arrangement and stacking sequence of a hybrid laminate
is the most important factor determining the global stiffness of the
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laminate (Dong and Davies, 2012; Trauth and Weidenmann, 2016). In
the present dissertation, the hybrid CoDico GF/CF SMC composite
was designed to show optimised properties if exposed to out-of-plane
(bending) loads. This loading reflects a realistic loading case of SMC
components, for example in the automotive industry, which is deter-
mined by bending rather than uniaxial tension or compression and
the continuous carbon fibre SMC face sheets maximised the possible
theoretical enhancement of flexural stiffness. For the CoDico GF/CF
SMC investigated in this dissertation, the increase in stiffness was
more important compared than tensile and compressive loads. If
carbon fibre reinforcements were considered as core layers, a less
important increase in stiffness was observed (<30 % Wulfsberg et al.,
2014, ≈ 60 % Trauth and Weidenmann, 2016). The observed stiffness
increase of the hybrid CoDico GF/CF SMC was also more important
than a two-sided reinforcement by a ± 45° non-crimp-fabric (190 %)
reported by Gortner et al. (2015b). Although the reinforcing compo-
nent featured a higher ratio with respect to the entire thickness of
the specimen, the reinforcing effect was pronounced due to the non-
unidirectional orientation of the carbon fibres within the face sheets.
Depending on volume content of the continuous component con-
sidered as face layers, enhancement of flexural stiffness can be even
pivotal. For a symmetrical lay-up with continuous carbon fibre rein-
forced face layers and a volume fraction of the continuous material of
about 67 %, flexural modulus was 10 times as high as the reference
value of the discontinuous material (Trauth and Weidenmann, 2016).
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Figure 7.13: Flexural properties of discontinuous glass fibre SMC, continuous carbon
fibre SMC and continuous-discontinuous glass/carbon fibre SMC (• = median,
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The flexural strength of the investigated CoDico GF/CF SMC was
twice as high as the corresponding value of Dico GF SMC due to the
reinforcement by the continuous face sheets. A reinforcement based
on ± 45° non-crimp fabric face layers was slightly more impactful
than the results observed within this study (126 %, Gortner et al.,
2015a). A possible explanation is the low compressive strength of con-
tinuous carbon fibre materials, limiting flexural strength. In addition,
the material properties of CoDico GF/CF SMC were characterised
by a significant scatter, and the aforementioned deviation is of less
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importance if variation in mechanical performance is considered.
Discontinuous glass fibre SMC, reinforced by either unidirectional
or woven carbon fibre fabrics, yielded no significant increase in
flexural strength with the reinforcing component within the core
(Figure 2.24). This finding suggests, again, that in terms of flexural
properties, the layup of hybrid materials and laminates is a very
critical consideration.

Modelling approaches of flexural properties
In terms of modelling flexural properties, a rule of mixtures is not
appropriate, since it does not account for a distinct stacking and non-
uniform stress and strain distribution with respect to the thickness
direction of the specimen. As depicted in Figure 6.106, stiffness
predictions based on the classical laminate theory (CLT) could pre-
cisely estimate the flexural properties of the investigated interlayer
CoDico GF/CF SMC composite. However, because of the tension-
compression anisotropy of the continuous carbon fibres, an asym-
metric lay-up has to be considered. For this purpose, three different
materials have been defined as input parameters to account for the
significant deviation in terms of the tensile and compressive stiffness
of the continuous face layers. Considering a symmetric lay-up, flex-
ural modulus of elasticity was overestimated.

In a study by Zhang et al. (2012), the flexural strength of a hybrid
laminate (consisting of glass plain weave and carbon twill weave fab-
rics and an epoxy matrix with different stacking sequences) was also
predicted by means of the classical laminate theory. The presented
model considered an average modulus of elasticity ((Et + Ec) /2) for
each layer to define the [abd] matrix. Based on the aforementioned
method, a similar approach was developed to approximate the flex-
ural strength of the hybrid CoDico GF/CF SMC material investigated
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within this dissertation. Observations of CoDico GF/CF SMC speci-
mens exposed to flexural loads indicated that failure was initiated
due to compressive stresses at the upper surface. However, the
discontinuously reinforced core supported the specimen until final
failure, which manifested through tensile failure on the lower surface
(Co CF SMC). The flexural failure strain of hybrid SMC composites
ranged between the compressive and tensile failure strain, indicating
a superposition of different failure evolutions due to simultaneous
compressive and tensile stresses. Modelling aimed to predict flexural
properties of the hybrid material without knowing flexural stiffness
and strength. Hence, considering compressive behaviour of the pure
Co CF SMC, which predominates the flexural properties, a theoretical
failure strain, resulting from superposition of tensile and compressive
properties of εmax, f ,model = (εmax,t,Co + εmax,c,Co)/2 was considered. It
equalled 0.96 %. Compared to flexural failure strain of the Co CF
SMC, which was in the range of 1 %, the proposed approach may
be able to estimate the flexural properties of the hybrid material
based on tensile and compressive properties, considered as input
parameters. The predicted flexural strength of the CoDico GF/CF
SMC was finally equal to E f ,CLT,CoDico · εmax, f ,model , with E f ,CLT,CoDico

the predicted flexural modulus based on the (asymmetric) classical
laminate theory. This very basic approach enabled accurate predic-
tion of the flexural strength of the hybrid CoDico SMC (Figure 7.14)
in a precise way.

However, it assumes a linear behaviour up to final failure and that
the continuous face sheets dominate the evolution of the stress-
strain curve (Figure 7.15). In order to highlight the effect of stacking
of individual laminae to form a laminate, Figure 7.14 also depicts
predicted strength values based on linear rules of hybrid mixtures
assuming pure tensile, compressive or flexural failure of the two
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components. A classical rule of hybrid mixtures approach (pure
bending), which does not account for the stacking sequence of the
laminate underestimates flexural strength by one third.
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Figure 7.14: Prediction of flexural strength of hybrid continuous-discontinuous
glass/carbon fibre SMC based on classic laminate theory compared with linear rule of
hybrid mixtures, with rectangle and error bars indicating experimentally determined
values.

Failure evolution resulting from three-point bending
Exposed to flexural loads, the stress-strain evolution of hybrid
CoDico GF/CF SMC was mainly determined by the flexural stress-
strain response of the continuous carbon fibre SMC (Figure 7.15).
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Figure 7.15: Representative stress-strain curves of discontinuous glass fibre, continuous
carbon fibre and continuous-discontinuous glass/carbon fibre SMC exposed to three-
point bending.

The failure mechanisms of Dico GF SMC and Co CF SMC are super-
posed if hybrid CoDico GF/CF SMC specimens are exposed to out-
of-plane (flexural) loads. Compressive failure on the upper surface
was a dominant failure mechanism, as already stated for different
hybrid materials exposed to flexural loads (Dong and Davies, 2012).
Failure evolution was then linked to local delamination, followed by
a compressive failure on the upper side of the discontinuous core
layer (which was locally no longer reinforced due to the failure and
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delamination of the Co CF layer), tensile failure on the lower surface
of the continuous carbon fibre SMC and delamination. These ob-
servations on damage evolution and failure mechanisms tie in with
recently published results on investigations to characterise the failure
mechanisms of hybrid CoDico GF/CF SMC exposed to flexural loads
by Trauth et al. (2017b). Within the aforementioned study, three-
point bending tests on different SMC composites were carried out,
combined with acoustic emission analysis. The hybrid SMC featured
continuously carbon fibre reinforced face sheets and a discontinuous
glass fibre reinforced core. Pattern recognition was carried out apply-
ing a method similar to the approach presented by Sause et al. (2012).
The results indicated, that clustering methods were generally able
to assign acoustic emission signals to different failure mechanisms.
Within the contribution by Trauth et al. (2017b), fibre breakage, inter-
face failure and matrix failure were observed in µ-CT images of the
post-mortem specimens and associated with the results of clustering.
It was shown that the detected signals captured during a three-point
bending test on a hybrid SMC specimen were nearly a superposition
of the two bulk materials, considering the point clouds in feature
space. Generally, the applied method led to a number of clusters
that could be associated with the failure mechanisms observed with
imaging methods. Even if validation methods must be improved, the
assigned clusters were plausible and enabled deeper insight into the
evolving damage of hybrid SMC materials exposed to flexural loads.

7.5.2.2 Structure level

Quasi-static and dynamic puncture of plates generally lead to a
biaxial stress-state if the specimen is fully clamped. However, for
a biaxial loading (superposition of bending and tension) with the im-
pactor being small with respect to the unsupported area surrounding
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the impact zone, the stress state at failure for a fixed configuration
was defined to be dominated by plate bending for SMC composites
(Roche and Kakarala, 1986). Puncture testing of SMC composites
allowed for the investigation of structural properties to gain further
understanding of the effect of hybridisation resulting from a more
complex loading case. In reality, a comparable situation of loading
may result from handling and assembling (low impact energies) or
from the side impact of a vehicles, for example (Roche and Kakarala,
1986). The failure of composites exposed to impact situations or to
puncture loadings is very complex and progressive. Generally, fibre
reinforced polymers offer great mechanical performance if loaded
in-plane. However, they are very susceptible to damage in the case
of out-of-plane loads such as puncture. In the following structural
properties of hybrid CoDico GF/CF SMC materials, rate dependence
and possible variations of failure mechanisms resulting from an in-
crease in loading speed are discussed based on the results presented
in section 6.4.

Exposed to quasi-static puncture, hybrid CoDico GF/CF SMC exhib-
ited significantly higher strength (maximum sustained load or failure
load, respectively) (36 %) and energy absorption capability in terms
of puncture energy (35 %) (Figure 7.16), compared to the puncture
properties of pure discontinuous glass fibre SMC.
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Figure 7.16: Quasi-static puncture properties of discontinuous glass fibre SMC,
continuous carbon fibre SMC and continuous-discontinuous glass/carbon fibre SMC
(• = median, + = mean, box indicates 25th to 75th percentile; lines indicate minimum
and maximum or 1.5 interquartile range, respectively).

Investigating the quasi-static puncture properties of hybrid woven
laminated hybrid composites, reinforced with different combinations
of woven carbon, Kevlar and glass fibres suggested, that fibres placed
in the outer layers played an important role in energy dissipation
and in the damage mechanism of the structure (Bulut et al., 2016).
Hence, the significant increase in maximum load reflects the effect
of the continuous carbon fibre outer layers. Due to the specific layup
with continuous carbon fibre face sheets, combined with the bending-
dominated loading case, the Co CF SMC also mainly influenced the

338



7.5 Continuous-discontinuous glass/carbon fibre SMC

stiffness of the structure, and the stiffness of the hybrid CoDico SMC
was significantly increased (75 % for charge and 60 % for flow re-
gion specimens) due to the continuous face sheets, with respect to
the stiffness exhibited by the Dico GF SMC. Approximately 72 %
of puncture energy of hybrid CoDico charge region specimens was
absorbed until maximum load. Flow region specimens featured a
ratio of EFmax / Ep ≈ 0.68. With EFmax / Ep ≈ 0.6 (charge region
specimens) and EFmax / Ep ≈ 0.5 (flow region specimens) for Dico
GF SMC and ≈ 0.84 for Co CF SMC failure evolution. The result-
ing energy absorption of hybrid specimens thus emerged, due to a
superposition of the two individual components. Continuous carbon
fibre SMC exposed to (quasi-static) puncture loads failed in a very
brittle spontaneous manner. Crack formation and growth up to peak
load absorbed the energy of the impacting striker. Discontinuous
glass fibre SMC exhibited a more gradual failure evolution. The
initial force-deflection response of the hybrid CoDico GF/CF SMC
was defined by important crack formation and growth within the
continuous face sheets. However, as soon as the face sheets were no
longer able to maintain loads, load transfer to the discontinuous core
layers resulted in a more gradual and stepwise failure of the hybrid
SMC (Figure 7.17). Force-deflection evolution of CoDico GF/CF SMC
increased linearly up to a yield point, which was linked to higher
forces compared to the Dico GF SMC but approximately the same de-
flection. The load further increased up to peak load, but damage was
already initiated, and due to crack formation and growth the force-
deflection evolution was characterised by significant load drops up
to peak load. The significant drops were not observed to this extent
for the continuous carbon fibre material, since for the hybrid CoDico
GF/CF SMC failure in this stage was also linked to delamination.
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Figure 7.17: Quasi-static force-deflection and energy-deflection responses of discon-
tinuous glass fibre SMC, continuous carbon fibre SMC and continuous-discontinuous
glass/carbon fibre SMC.

In addition, failure evolution of the CoDico SMC was not char-
acterised by a distinct point in the force-deflection evolution, as
observed for the continuous carbon fibre SMC followed by a tremen-
dous force drop, but was rather defined by several steps, indicating
subsequent failure of the different components. Up to a deflection
corresponding to the failure of the Co CF SMC (significant load drop),
the energy absorption of Co CF SMC and CoDico GF/CF SMC did
not significantly differ. Hence the energy absorption capability of
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7.5 Continuous-discontinuous glass/carbon fibre SMC

the hybrid CoDico GF/CF SMC was enhanced with respect to the
discontinuous component up to peak load.

Recent studies have pointed out that hybrid composites present an
effective way to increase dynamic puncture (Gortner et al., 2015a) and
ballistic impact properties (Bandaru et al., 2015). The results of the
present dissertation also indicated that maximum load was slightly
increased for the hybrid CoDico GF/CF SMC composites with re-
spect to the discontinuously reinforced material (13.5 %, Figure 7.18).
However, the effect of reinforcement was less distinct than for quasi-
static puncture. In the case of dynamic loading, the positive rate
dependence of the Dico GF SMC was superposed with the negative
rate dependence of the Co CF SMC; hence, rate dependent increase
of puncture performance was less significant due to the lack of (or
slightly negative) rate dependence of the carbon fibre SMC composite.
Considering the Dico GF SMC as the reference energy absorption cap-
ability of the hybrid CoDico SMC only showed a marginal increase
with increasing puncture velocity (7 %). However, with respect to
the continuous carbon fibre SMC, absorbed energy increased 30 % for
charge and 18 % for flow region specimens. The important differ-
ence between charge and flow region specimens, as indicated in the
discussion of quasi-static puncture properties, possibly results from
interface quality, which was probably influenced by material flow
during compression moulding. Delamination may thus be favoured
and linked to lower energy for flow region specimens. Absorbed en-
ergy up to peak load even differed by ≈ 40 %. Hybrid CoDico GF/CF
SMC composites, which were punctured with a higher loading rate,
were characterised by a more important delamination compared to
specimens punctured in a quasi-static manner (Figure 6.95).
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Figure 7.18: Dynamic puncture properties of discontinuous glass fibre SMC, con-
tinuous carbon fibre SMC and continuous-discontinuous glass/carbon fibre SMC
(• = median, + = mean, box indicates 25th to 75th percentile; lines indicate minimum
and maximum or 1.5 interquartile range, respectively, ◦ = outlier).

Although material flow of the discontinuous component did not
significantly influence quasi-static puncture properties, the resulting
transition zone might show slightly different characteristics between
the flow and charge region, becoming evident at higher loading rates.
With EFmax / Ep ≈ 0.6 for charge and ≈ 0.5 for flow region specimens,
energy absorption beyond peak load was slightly more important
than in a quasi-static loading. The gradual failure of the hybrid
CoDico GF/CF SMC shifted to a more abrupt failure evolution if
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punctured in a dynamic manner, comparable to the force-deflection
evolution of the Co CF SMC (Figure 7.19).
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Figure 7.19: Dynamic force-deflection and energy-deflection responses of discontinu-
ous glass fibre SMC, continuous carbon fibre SMC and continuous-discontinuous
glass/carbon fibre SMC.

The literature (Gortner et al., 2015b) includes study results that refer
to a more significant increase in maximum load (114 %) and energy
intake (106 %) if a discontinuous glass fibre SMC was reinforced by
two ± 45° non-crimp fabric face layers and punctured according to
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EN ISO 6603-2 (2000). The effect of hybridisation might be more sig-
nificant due to the architecture of the fibrous reinforcing in the shell
layers, and the slightly higher ratio of face sheet thickness to laminate
thickness (0.27 – 0.4). In addition, Gortner et al. compared maximum
measured energy intake at the end of the impacting event and did
not account for a falsification due to frictional effects. Nevertheless,
it might be concluded that, due to the multi-axial loading, resulting
from puncture testing, a unidirectional fibrous reinforcement in the
face layers may not be the most efficient way to reinforce discontinu-
ous composites, since mechanical performance perpendicular to fibre
direction is extremely low.

7.5.2.3 Component level

Component testing of Dico GF SMC and CoDico GF/CF SMC based
demonstrator parts aimed to define damage evolution and material
performance if exposed to near-service loads. In addition, manu-
facturing of demonstrator parts which are locally reinforced is one
important objective of the International Research Training group
(IRTG, GRK 2078). The characterisation of hybrid demonstrator parts
is a necessary step to evaluate the performance and applicability of
hybrid CoDico GF/CF SMC composites on a component level.

The components with local Co CF reinforcement generally featured
superior mechanical performance with an increase in initial stiffness
(≈ 23 %) and strength (≈ 32 %) compared to non-locally reinforced
demonstrator parts. Initial stiffness was characterised by a certain
scatter which was more important than variations in stiffness of
the demonstrator part only based on Dico GF SMC. This scatter
may be due to a process-induced difference based on a misalign-
ment of the local reinforcement. However, considering the relatively
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low number of investigated specimens, this result only shows a
qualitative tendency.

Failure evolution was comparable for non-locally reinforced demon-
strator parts and components featuring a local reinforcement. One
major crack formed at the inclined side plane near the hole within the
structure (Figure 7.20a). Damage was accompanied by delamination
of the continuous reinforcement (Figure 7.20b). Fracture was most
likely to propagate at the interface between local reinforcement and
discontinuously reinforced material (Figure 7.20c).

(a) (b) (c)

Figure 7.20: Macroscopic observation of damaged demonstrator parts; demonstrator
made from pure discontinuous glass fibre SMC showing one major crack (a); locally
reinforced demonstrator part (bottom) showing one major crack and delamination
within the crack region (b); and locally reinforced demonstrator part (top) showing
a crack propagating at the interface of continuous and discontinuous reinforcement
(c). Dimensioned drawing of the demonstrator part depicted in Figure 3.15.

In summary, one has to highlight that the local continuous reinforce-
ment offered significant advantages in terms of stiffness and strength
without sacrificing the benefits of components made only from Dico
GF SMC regarding the design freedom. Additionally, taking into
account that both components based on the same resin system and
a ratio of 1/10 considering the price of glass/carbon fibres (CES
EduPack, 2017), the material costs can be significantly reduced due to
a local reinforcement in comparison to components based entirely on
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a fibrous reinforcement made from carbon fibre reinforced compos-
ites. Furthermore, enhanced design freedom, which also enabled a
demonstrator part with ribs, underlines one of the major advantages
of the presented strategy to hybridise SMC composites.
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8 Final remarks

In this final chapter, the main findings of this work are summarised,
with the effect of hybridisation in central focus of the resume. It is
then possible to draw a conclusion regarding the mechanical
performance of the investigated hybrid continuous-discontinuous
glass/carbon fibre SMC.

8.1 Summary

The investigated hybrid continuous-discontinuous glass/carbon fibre
SMC material enabled a combination of the advantages of discon-
tinuous fibre reinforced polymers, in terms of design freedom and
low material and manufacturing cost, with the high specific stiffness
and strength resulting from a continuous reinforcement. Although
SMC composites, as they are known today, date to the 1960s and
are used in wide-ranging applications, the potential of hybrid SMC
materials has been subject to little research in the past. The pre-
sented approaches are either based solely on glass fibre reinforced
composites with chopped and continuous fibre architectures, a com-
bination of discontinuous materials with dry-textiles or expensive
prepreg material as continuous component. Within this work and in
the framework of the International Research Training Group, GRK
2078, which focusses on the integrated engineering of continuous-
discontinuous long fibre reinforced polymer structures, an innovative
approach aimed to combine a continuous carbon fibre reinforced
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composite with a discontinuously glass fibre reinforced polymer,
with both materials manufactured on a conventional SMC conveyor
belt. An adapted process, developed at the Fraunhofer Institute for
Chemical Technology (ICT) in Pfinztal Germany, was successfully
implemented to manufacture continuous carbon fibre SMC sheets,
which could be considered in a following step to manufacture hybrid
SMC laminates, featuring a discontinuous glass fibre SMC core layer
and two continuous carbon fibre face layers. In contrast to already ex-
isting approaches to develop a hybrid SMC composite, the presented
approach offers the significant advantage of chemical similarity of the
matrix to improve interface quality between the differently reinforced
layers of the CoDico laminate. In addition, unidirectionally reinforced
semi-finished sheets could be manufactured in a cost-efficient way
on an adapted conventional SMC conveyor plant, which might per-
mit the presented manufacturing process in industrial applications.
It also enabled local reinforcement of three-dimensional compon-
ents which featured enhanced mechanical performance compared to
non-reinforced components made from discontinuous glass fibre
SMC only.

The following overview of this study’s results and findings takes
up the research questions defined in section 2.5.

Microstructure and process-induced anisotropy of fibre orientation
Generally chopped, discontinuous fibre reinforced materials, such as
SMC composites, are characterised by a heterogeneous microstruc-
ture, which arises due to manufacturing. The movement of the con-
veyor belt, but more importantly the geometry of the mould, initial
mould coverage and resulting flow during moulding force the fibrous
reinforcement to align in the flow direction. Hence, SMC composites
might be characterised by a non-random fibre orientation. As a
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consequence, material properties are anisotropic, and experimental
characterisation has to be realised for specimens extracted featuring
different orientations with respect to flow direction. In addition, fibre
bundles at the edges or corners may be exposed to high deformation,
and it is recommended not to extract specimens from the edges of the
sheets to avoid possible falsification of experimentally determined
mechanical performance. Structure-property relationships have been
investigated for the continuously and discontinuously reinforced
material from the micro- to the macroscale to identify the influence
of manufacturing parameters on material properties. With µ-CT
observations, valuable information regarding fibre orientation and in-
terface between the continuous and discontinuous layers was gained.
The observed discontinuous SMC composite was characterised by a
significant shell-core effect. In the shell layers, fibre bundles were
spread, separated from the bundles and tend to bend due to complex
moulding kinematics and a non-uniform temperature distribution
within the mould. Within the core, the fibrous reinforcement was
organised in fibre bundles, featuring no significant curvature and
usually aligned with flow. Determination of fibre orientation tensors
allowed quantification of the flow-induced fibre orientation and de-
livery of input to analytically predict the stiffness of the material. The
presented characterisation strategy enabled definition of anisotropy
of mechanical performance resulting from process-induced fibre ori-
entation and variations in fibre volume content within different dis-
continuous glass fibre SMC sheets. Anisotropic material proper-
ties resulted from one-dimensional (1D) flow of the semi-finished
material. Nevertheless, no difference was observed in mechanical
performance of charge and flow region specimens.

349



8 Final remarks

Microstructural observations of the interface between continuously
and discontinuously reinforced SMC layers highlighted a significant
transition zone. No distinct interface existed. Within the transition
zone the discontinuous material forced the continuous carbon fibre
bundles to spread. Spreading of the continuous carbon fibre bundles
was also favoured due to a lack of a vertical connection between
different bundles. Although the discontinuous SMC composite in
the core filled the mould without significant flow perpendicular
to the principal axis of the continuous reinforcement, slight fibre
misalignment of the unidirectional carbon fibres resulted due to local
crossflow. The positioning of the continuous non-crimp fabric on the
conveyor belt, along with cutting and stacking of the semi-finished
sheets prior to moulding, is crucial to avoid fibre misalignment. Not
only mechanical properties, but also more important damage evolu-
tion and failure mechanisms strongly depended on fibre orientation
of the continuous component.

Definition of appropriate measurement techniques
and specimen geometries
Characterisation of discontinuous SMC materials was linked to a
significant scatter resulting from the heterogeneous microstructure.
Hence, it was extremely difficult to distinguish between an effect
resulting from testing parameters and specimen geometry or from
the heterogeneous microstructure. Statistical data evaluation helped
to define material properties accounting for intrinsic variations.

The effect of specimen size on mechanical material properties was
defined in a preliminary study. No significant difference was ob-
served in specific stiffness resulting from tensile testing with different
specimen geometries. Specific strength slightly decreased for larger
specimens. In addition, preparation of edges after water-jet cutting
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did not influence the quasi-static material performance of continuous
SMC materials. Nevertheless, edge quality might influence cyclic
properties of continuously reinforced materials, and it must be kept in
mind to consider the edge quality again as soon as fatigue properties
are sought to be defined.

Investigations in terms of image processing and data evaluation
enabled the definition of appropriate testing parameters to success-
fully apply stereo digital image correlation on heterogeneous SMC
materials. This full-field measurement technique allowed for a de-
tailed characterisation of evolving strain fields and damage. Testing
procedures defined within this dissertation were adapted to account
for either a continuous or discontinuous reinforcement, as well as
characterise hybrid CoDico SMC composites.

Evaluation of hybridisation effects
The rule of (hybrid) mixtures is generally not the best criterion to
evaluate a hybridisation effect for every loading case (e.g. flexural
properties or multiaxial loading cases). In order to account for specific
loading cases, it is recommended to individually define a criterion to
evaluate an effect of hybridisation. A basic approach is based on
the identification of the variation of a distinct property of the hybrid
composite with respect to a reference value defined by one individual
component, for example.

In terms of stiffness, strength and energy absorption capability, the
discontinuous glass fibre SMC was considered as reference, featuring
the lowest mechanical performance. Considering damage tolerance,
hence failure strain or maximum deflection, the continuous carbon
fibre SMC material exhibited lower performance and was therefore
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considered a reference to define hybridisation effects. Figure 8.1
presents an overview of the results concerning hybridisation effects.
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Figure 8.1: Effect of hybridisation of mechanical properties of continuous-
discontinuous glass/carbon fibre SMC (for properties marked with *, the continuous
carbon fibre SMC was considered as reference in all other cases of evaluation of
hybridisation effects based on the enhancement of mechanical performance with
respect to the property of the discontinuous SMC material).

In summary, for every considered loading case, regardless of whether
material, structural or component properties were considered, stiff-
ness, strength and energy absorption capability of the hybrid CoDico
GF/CF SMC were characterised by a positive hybridisation effect
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resulting from a continuous carbon fibre reinforcement. Considering
a quasi-static loading, the only exception was compression strength,
which was not affected by the continuous face layers due to the low
compressive strength and failure strain of the continuous component
exposed to compressive loads. Additionally, dynamic puncture prop-
erties in terms of maximum load and energy absorption were only
slightly influenced by a continuous reinforcement due to a superpo-
sition of rate effects and limited damage tolerance of unidirectionally
reinforced composites.

The failure strain of CoDico GF/CF SMC was enhanced with
respect to the pure continuous carbon fibre SMC material linked
to an increased damage tolerance if hybrid CoDico GF/CF SMC was
exposed to tensile, compression and quasi-static and dynamic
puncture loads. Hence, the continuous carbon fibre SMC, which
exhibits in general low failure strains, was therefore reinforced by the
discontinuous component.

Modelling approaches
In terms of analytical modelling, tensile and compressive moduli
of elasticity could accurately be predicted by a rule of hybrid mix-
tures (RohM), considering the experimentally determined, hence
homogenised, stiffness of the Dico GF SMC and Co CF SMC as input
parameters (Figure 8.2). However it is crucial to precisely define
the volume content of the different materials, which was especially
complicated in the present study due to a highly heterogeneous
thickness of the continuous face layers.

The tension-compression anisotropy of the Co CF SMC has to be
considered to predict flexural stiffness of the hybrid CoDico GF/CF
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SMC, and an asymmetric laminate resulted in the best results by
means of classical laminate theory (CLT) (Figure 8.2).
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Figure 8.2: Analytically predicted tensile, compressive and flexural modulus of
elasticity in fibre direction of the continuous component. Calculations based on rule of
hybrid mixtures and classical laminate theory with rectangle and error bars indicating
experimentally determined values.

A linear rule of hybrid mixtures also enabled precise prediction of the
tensile strength of the hybrid CoDico SMC. Considering compressive
loadings, a linear rule of hybrid mixtures overestimates mechanical
performance. If a bilinear rule of hybrid mixture was taken into
account, the investigated layup of the laminate and the ratio of
face sheet thickness to global thickness of the laminate was not
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sufficiently high to achieve a reinforcement effect. Compressive
strength, predicted with a bilinear rule of mixtures, was significantly
lower than the experimentally determined value. Flexural strength
of the hybrid CoDico GF/CF SMC could accurately be predicted by
an analytical approach based on the classical laminate theory and
the observed failure evolution of the hybrid CoDico SMC composite
exposed to flexural loads. The tensile and compressive moduli of
elasticity and the failure strains of the continuous component as well
as the tensile modulus of elasticity of the discontinuous component
were considered as input parameters.

Damage mechanisms and failure evolution
Evolving damage and failure mechanisms of the investigated CoDico
GF/CF SMC were determined from a superposition of failure of the
two individual components.

Damage evolution of the pure discontinuous glass fibre SMC was
determined by the formation of matrix cracks followed by crack
growth and accumulation of cracks resulting in final failure. Fail-
ure differed between the core layers (matrix cracking perpendicular
to loading direction and fibre breakage of individual fibres) and
the shell layers (debonding and pull-out of fibre bundles and
pseudo-delamination).

Failure of the carbon fibre SMC material significantly depended on
loading case. For uniaxial tension, inter-fibre fractures and splitting
of different fibre bundles were the dominant mechanisms to absorb
energy. Fibre misalignment had an important effect on failure evo-
lution, and especially for the hybrid CoDico GF/CF SMC materials
exposed to tensile loadings, damage was initiated where misaligned
carbon fibre bundles met the edges of the specimen.
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For compressive loads, early microbuckling and the low compressive
strength of the continuous carbon fibre SMC prevented a positive
hybridisation effect.

In terms of flexural loadings, the lay-up of the laminate and the
greatest distance of the continuous material from the neutral axis
explains the disproportionate increase in the flexural stiffness and
strength of the hybrid material. Generally, the tension-compression
anisotropy, observed for the Co CF SMC, significantly influenced
the flexural behaviour of hybrid SMC. Firstly, failure was initiated by
compressive strains and fibre breakage on the upper surface, followed
by compressive failure of the discontinuous material and final failure
at the lower surface (fibre breakage linked to splitting hence inter-
fibre fractures of the continuous component and delamination).

8.2 Conclusion

Hybridisation with more than one fibre type within a common matrix
in an interlayer configuration leads to another dimension of the
potential versatility of fibre reinforced composite materials. Hybrid
SMC composites, which consisted of two continuously reinforced face
sheets and a discontinuous glass fibre SMC within the core, enabled
greater control of specific properties, achieving a more favourable
balance between the advantages and disadvantages of the two indi-
vidual materials, for example the low failure strain of the continuous
component and low stiffness and strength of the chopped glass fibre
SMC. The main goal of this dissertation was to provide a fundamental
understanding of material, structural and component properties of
hybrid CoDico glass/carbon fibre SMC to move towards the imple-
mentation of hybrid SMC structures in technical applications that
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involve varied loading cases. A vertical characterisation strategy
started from the coupon level and highlighted characteristics on
the micro-, meso- and macroscale of the individual and the hybrid
composites. On each level, a horizontal characterisation strategy was
intended to investigate the two individual materials in a first step
and to deduce, in the following, effects of hybridisation in terms of
mechanical behaviour and failure evolution due to an experimental
characterisation of the hybrid material.

Microstructural characteristics at the interface, as well as fibre ori-
entation resulting from manufacturing, have been considered in de-
tail, indicating a transition zone between the two components. The
following characterisation on the coupon level indicated a signifi-
cant increase of tensile (+169 %), compressive (+143 %), and flexural
(+370 %) modulus of elasticity. In terms of tensile and compressive
loads volume fraction of the two individual materials and especially
the elastic properties of the continuous carbon fibre SMC influences
the stiffness of the hybrid CoDico SMC, which could be analytically
predicted by a rule of hybrid mixtures. Due to the specific layup of
the laminate, the increase of flexural modulus of elasticity was most
significant. A precise prediction of resulting properties of the hybrid
CoDico SMC strongly relied on the consideration of the tension-
compression anisotropy of the continuous carbon fibre SMC.

The tensile strength of the hybrid CoDico SMC was three times
as high (+193 %) as the tensile strength of the pure discontinuous
glass fibre SMC. A linear and bilinear rule of hybrid mixtures, which
slightly underestimated the tensile strength of the hybrid CoDico
SMC, highlighted a positive hybridisation effect. The continuous
face layers determined failure evolution. The hybrid CoDico SMC
failed due to inter-fibre failure linked to delamination and a partial
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weakening of the specimen. In the end, the discontinuous glass
fibre SMC failed due to pseudo-delamination. Failure strain was
slightly increased (+15 %) due to hybridisation; taking the continuous
carbon fibre SMC as reference, however, no pseudo-ductility was
observed. Hybridisation had no effect on compressive strength,
since continuous carbon fibre SMC featured a low damage toler-
ance if exposed to uniaxial compression. The effect was even more
severe since the continuous face sheet was built up from only one
layer of continuous carbon fibre SMC. Microbuckling of the surface
layer linked to delamination and pseudo-delamination within the
discontinuous glass fibre SMC core were the most important failure
mechanisms. The flexural strength of the hybrid CoDico SMC was
twice as high (+126 %) as that of the discontinuous glass fibre SMC.
An adaption of the classical laminate theory, taking a theoretical
failure strain into account, which results from a superposition of
tensile and compressive failure strain, enabled accurate prediction of
flexural strength of a hybrid CoDico SMC.

The subsequent characterisation at the structure level provided fur-
ther information on puncture properties considering rate effects and
underlined perspectives to consider hybrid SMC composites, fea-
turing a local continuous reinforcement, for different technical ap-
plications. Exposed to quasi-static puncture, hybrid CoDico SMC
exhibited a significantly higher maximum load (+34 %) and puncture
energy (+35 %) than did pure discontinuous glass fibre SMC. Dy-
namic puncture led to a superposition of a positive rate dependence
of the discontinuous glass fibre SMC and a non-rate dependence of
the continuous carbon fibre SMC, which resulted in a less notable
increase in terms of maximum load (+7 %) and puncture energy
(+14 %) of the hybrid CoDico SMC.
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Four-point bending testing on a component scale indicated that a
local continuous reinforcement of a discontinuous glass fibre SMC
component significantly enhanced stiffness (+23 %) and load at fail-
ure (+17 %), whereby the weight and geometry of the considered
component were not changed.

In general, hybrid CoDico glass/carbon fibre SMC composites offer
the possibility to attain properties of the hybrid material, which are
more than the sum of the properties of the individual components if
the hybrid composite features an appropriate design accounting for
a well-defined loading case in terms of the ratio of the individual
materials and stacking sequence of the laminate.
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A Appendix

A.1 Influence of subset size and step size
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Figure A.1: Influence of subset size and step size on evaluated strains and tensile
modulus of elasticity and failure strain (1/2).

403



A Appendix

0.5 0.51 0.52 0.53 0.54 0.55

54

56

58

Strain in %

St
re

ss
in

M
Pa

subset:10 step size:08 subset:15 step size:08
subset:15 step size:10 subset:15 step size:12
subset:19 step size:10 subset:19 step size:15
subset:25 step size:12 subset:25 step size:20
subset:30 step size:15 subset:30 step size:20

Figure A.2: Influence of subset size and step size on evaluated strains and tensile
modulus of elasticity and failure strain (2/2).
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A.2 Influence of edge preparation

A.2 Influence of edge preparation

No edge preparation

Figure A.3: Surface quality of continuous carbon fibre SMC in fibre direction (0°) before
edge preparation.

Edge preparation

Figure A.4: Surface quality of continuous carbon fibre SMC in fibre direction (0°) after
edge preparation.
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A.3 Tensile properties of
discontinuous glass fibre SMC (2D)

Table A.1: Tensile properties of discontinuous glass fibre SMC (2D) with tensile
modulus of elasticity (Et), tensile strength (Rt) and failure strain (εmax,t) corresponding
to a decrease of sustained load to 0.8· preceding Fmax . Variable n indicates number of
evaluated specimens.

Charge region Flow region Charge region Flow region
0◦ 0◦ 90◦ 90◦

Et (n=10) (n=10) (n=11) (n=10)
x̄ in GPa 11.3 12.4 11.0 11.5
µ in GPa 0.5 1.4 0.6 1.0
CV in % 4.8 11.6 5.2 8.4

Rt (n=10) (n=10) (n=11) (n=10)
x̄ in MPa 145 169 146 156
µ in MPa 15 20 11 18
CV in % 10.6 11.5 7.5 11.7

εmax,t (n=8) (n=8) (n=8) (n=8)
x̄ in % 1.7 1.7 1.7 1.7
µ in % 0.2 0.1 0.1 0.1
CV in % 11.4 6.6 6.2 5.8
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A.4 Tensile properties of discontinuous glass fibre SMC (1D)

A.4 Tensile properties of
discontinuous glass fibre SMC (1D)

Table A.2: Tensile properties of discontinuous glass fibre SMC (1D flow with approx-
imately 33% initial mould coverage), with tensile modulus of elasticity (Et), Poisson’s
ratio (νt), tensile strength (Rt), elongation at tensile strength (εR,t) and failure strain
(εmax,t) corresponding to a decrease of sustained load to 0.8· preceding Fmax . Variable
n indicates number of evaluated specimens.

Charge region Flow region Charge region Flow region
0◦ 0◦ 90◦ 90◦

Et (n=9) (n=15) (n=17) (n=10)
x̄ in GPa 13.0 13.2 9.3 9.9
µ in GPa 1.1 0.8 0.7 1.4
CV in % 8.3 6.0 7.7 13.9

νt (n=9) (n=15) (n=17) (n=10)
x̄ - 0.38 0.37 0.27 0.30
µ - 0.02 0.02 0.03 0.04
CV in % 5.5 5.5 12.4 12.8

Rt (n=9) (n=15) (n=17) (n=10)
x̄ in MPa 167 183 84 101
µ in MPa 30 30 17 30
CV in% 17.7 16.6 20.3 29.9

εR,t (n=7) (n=8) (n=7) (n=7)
x̄ in % 1.5 1.6 1.2 1.2
µ in % 0.3 0.3 0.3 0.3
CV in % 19.5 17.6 23.2 27.4

εmax,t (n=7) (n=8) (n=7) (n=7)
x̄ in % 1.5 1.7 1.2 1.2
µ in % 0.3 0.3 0.3 0.3
CV in % 19.5 17.8 27.7 22.1
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A.5 Compressive properties of
discontinuous glass fibre SMC

Table A.3: Compressive properties of discontinuous glass fibre SMC (1D flow with
approximately 33% initial mould coverage), with compressive modulus of elasticity
(Ec), compressive strength (Rc) elongation at compressive strength (εR,c) and failure
strain (εmax,c) corresponding to a decrease of sustained load to 0.8· preceding Fmax .
Variable n indicates number of evaluated specimens.

Charge region Flow region Charge region Flow region
0◦ 0◦ 90◦ 90◦

Ec (n=7) (n=8) (n=7) (n=8)
x̄ in GPa 12.7 12.5 9.1 9.3
µ in GPa 1.1 0.7 0.9 1.7
CV in % 8.4 5.7 9.7 18.6

Rc (n=7) (n=8) (n=7) (n=8)
x̄ in MPa 290 305 228 221
µ in MPa 46 15 15 32
CV in % 16.0 4.8 6.6 14.6

εR,c (n=7) (n=8) (n=7) (n=8)
x̄ in % 2.7 2.9 3.4 3.1
µ in % 0.2 0.2 0.5 0.3
CV in % 7.5 7.6 14.5 10.4

εmax,c (n=7) (n=8) (n=7) (n=8)
x̄ in % 2.7 2.9 3.4 3.2
µ in % 0.2 0.2 0.5 0.3
CV in % 7.4 7.2 14.9 9.7

408



A.6 Tensile and compressive properties of continuous carbon fibre SMC

A.6 Tensile and compressive properties of
continuous carbon fibre SMC
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Figure A.5: Tensile and compressive moduli of elasticity and tensile and compressive
strength of continuous carbon fibre SMC perpendicular to fibre direction (• = median,
+ = mean, box = 25th to 75th percentile, lines indicate minimum and maximum or 1.5
interquartile range, respectively, ◦ = outlier).
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A.7 Flexural properties of
continuous carbon fibre SMC

Table A.4: Three-point bending properties of continuous carbon fibre SMC in fibre
direction for a span to thickness ratio of 40:1, with flexural modulus of elasticity (E f ),
flexural strength (R f ), elongation at flexural strength (εR f ) and failure strain (εmax, f )
corresponding to a decrease of sustained load to 0.8· preceding Fmax . Variable n
indicates number of evaluated specimens.

E f (n=6) R f (n=6)
x̄ in GPa 105.9 x̄ in MPa 946
µ in GPa 5.7 µ in MPa 85

CV in % 5.4 CV in % 9.0

εR, f (n=6) εmax, f (n=6)
x̄ in % 0.9 x̄ in % 0.9
µ in % 0.1 µ in % 0.1

CV in % 6.6 CV in% 7.2
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Figure A.6: Stress-strain curves resulting from three-point bending of continuous
carbon fibre SMC in fibre direction (0°) for a span to thickness ratio of 40:1.
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A.8 Flexural properties of continuous-discontinuous glass/carbon fibre SMC

A.8 Flexural properties of
continuous-discontinuous
glass/carbon fibre SMC

Table A.5: Three-point bending properties of continuous-discontinuous glass carbon
fibre SMC in fibre direction for a span to thickness ratio of 40:1, with flexural modulus
of elasticity (E f ), flexural strength (R f ), elongation at flexural strength (εR, f ) and failure
strain (εmax, f ) corresponding to a decrease of sustained load to 0.8· preceding Fmax .
Variable n indicates number of evaluated specimens.

E f (n=6) R f (n=6)
x̄ in GPa 57.7 x̄ in MPa 608
µ in GPa 3.0 µ in MPa 141
CV in % 5.2 CV in % 23.1

εR, f (n=6) εmax, f (n=6)
x̄ in % 1.1 x̄ in % 1.1
µ in % 0.3 µ in % 0.3
CV in % 24.4 CV in % 24.0
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Figure A.7: Stress-strain curves resulting from three-point bending of continuous-
discontinuous glass/carbon fibre SMC for a span to thickness ratio of 40:1.
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A.9 Classical laminate theory: calculations

Q11, Q12, Q22 and Q66 of the discontinuous glass and continuous car-
bon fibre read

Q11 =
E11

1− ν2
12 ·

E22
E11

, (A.1)

Q12 =
ν12E22

1− ν2
12 ·

E22
E11

, (A.2)

Q22 =
E22

1− ν2
12 ·

E22
E11

, (A.3)

Q66 = G12. (A.4)
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A novel approach in hybridisation of composites focusses on the combination of a 
discontinuous glass fibre reinforced sheet moulding compound (SMC) with continuous 
carbon fibre SMC, manufactured in an adapted SMC process. In general, a hybrid 
continuous-discontinuous SMC composite is an interesting hybrid material to allow 
for tailorable material properties of structural components by local reinforcements. 
It thereby achieves a property profile superior to the sum of the properties of the 
individual materials.

The main objective of this work is to significantly deepen the understanding of the 
material and the structural behaviour of continuous-discontinuous SMC compos-
ites, following a holistic approach to investigate microscopic aspects, macroscopic 
mechanical behaviour as well as failure evolution at the coupon, structure and 
component level. In addition, criteria to evaluate the effect of hybridisation are 
introduced and modelling approaches are presented and discussed.
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