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Übersicht
Integrale Faserverbundgelenke stellen eine vielversprechende Leichtbaulösung für
den existierenden Konflikt bei formvariablen Strukturen dar: hohe Formvariabilität
im Gegensatz zu hohem Lastaufnahmevermögen. Kontinuierliche Faserverstärkung
in Kombination mit der definierten Anwendung von elastomeren und duroplas-
tischen Matrixmaterialien führt zur lokalen Flexibilisierung des Laminats und hier-
durch zu Festkörpergelenken. In der Literatur existieren nur wenige Informationen
bzgl. geeigneter Herstellungsprozesse für die Integration mehrerer Matrixmateri-
alien in ein Faserverbundlaminat, geeigneter Matrixmaterialien sowie die Eigen-
schaften dieser Festkörpergelenke.

Die vorliegende Arbeit stellt einen Hybrid-Matrix Injektionsprozess (HyMa RTM)
vor, bei dem zwei Matrixsysteme gleichzeitig verarbeitet werden. Dies führt zu
einer definierten Übergangszone mit graduellem Übergang zwischen den beiden
Matrixmaterialien im Laminat. Analytische, simulative und experimentelle Unter-
suchungen zeigen, dass das erarbeitete Konzept der lokalen und reversiblen Über-
pressung der Preform sehr geeignet ist, die Fließfrontausbreitung und Fließfront-
geschwindigkeit während der Injektion in der Preform lokal zu manipulieren. Hier-
durch können definierte Übergangsbereiche innerhalb enger Toleranzen zwischen
den Matrixmaterialien realisiert werden. Es wird zudem gezeigt, dass die negativen
Einflüsse der lokalen Überpressung auf die Laminatqualität hinsichtlich Dicken-
schwankungen, Faservolumengehalt und Porositätsgehalt vernachlässigbar sind.

Die Realisierung von integralen Faserverbundgelenken stellt besondere Anforderun-
gen an die Wahl der Matrixmaterialien (Elastomere, Duroplaste) in Bezug auf die
chemischen Kompatibilität, die Prozessierbarkeit und die spezifischen mechanis-
chen Eigenschaften von Elastomeren und Duroplasten. Es wird eine Vorauswahl
und Charakterisierung geeigneter Matrixmaterialien hinsichtlich Mischbarkeit, Vis-
kosität, Härte und dem Spannungs-Dehnungsverhalten durchgeführt. Die Ergeb-
nisse zeigen, dass kommerziell erhältliche elastomere und duroplastische Harzsys-
teme existieren, die zum einen geeignete Dehnungseigenschaften erzielen und zum
anderen Mischbarkeit aufweisen. Basierend auf den vorausgewählten Matrixmate-
rialien erlauben experimentelle Zugversuche an faserverstärkten elastischen, zähen
und spröden Matrixmaterialien die Quantifizierung des Matrixeinflusses auf die
Zugkennwerte (Spannungs-Dehnungsverhalten, E-Modul, Zugfestigkeit, Querkon-
traktionszahl) faserverstärkter Kunststoffe. Hier wird gezeigt, dass elastische Ma-
trixmaterialien zu stark reduzierten E-Moduln und Festigkeiten führen, da geringe
Matrixschubmoduln zu starken Faserneuausrichtungen und zu einer verminderten
Spannungshomogenisierung zwischen den Fasern führen.
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Basierend auf der Materialauswahl werden integrale Faserverbundgelenke mit Hilfe
eines speziell entwickelten Biegeprüfstands für große Biegungen bis zu 90° ex-
perimentell untersucht. Quasistatische Biegeversuche zeigen, dass die Biegeeigen-
schaften (Biegemodul, Biegedeformation, Dehnungsverteilung) starke Abhängig-
keiten von der Verstärkungsarchitektur sowie der Gelenkdimension aufweisen. Ge-
lenkprüfkörper mit vorwiegend ±45° Faserorientierung weisen niedrige Biegemo-
duln in Kombination mit großen zulässigen Öffnungswinkeln bis 45° auf. Zyklische
Biegeversuche belegen, dass keine Einschränkung der Zugeigenschaften (E-Modul,
Festigkeit) in der Laminatebene zu erwarten ist, unabhängig von der Anzahl an
Biegevorgängen (10.000 Stück) bis zu einem Öffnungswinkel von 45°.

Die Ergebnisse der experimentellen Untersuchung verdeutlichen das große Potential
von integralen Faserverbundgelenken für den Einsatz in formvariablen Leichtbaus-
trukturen, da sie große Verformungen in Kombination mit hoher Lastaufnahme
ermöglichen und hierdurch den fundamentalen Konflikt überwinden.
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Abstract
Integral fiber reinforced hinges (IFRH) represent a promising solution for the ex-
istent conflict of shape adaptive lightweight structures: shape adaptability versus
load carrying ability. Continuous fiber reinforcement in combination with the de-
fined application of elastomeric matrix material leads to a local flexibility, thus a
compliant mechanism. However, limited information on manufacturing processes
capable of integrating multiple matrix materials into one composite part, suitable
matrix materials and hinge performance exist.

The presented thesis introduces a hybrid-matrix resin transfer molding process
(HyMa RTM). Different matrix systems are simultaneously processed creating a
defined transition area within a single laminate with a gradual matrix material in-
terphase. Analytic, simulative and experimental investigations reveal that local and
reversible over-compaction of the preform represents a promising working principle
to modify the flow front distribution and velocity during the injection. A defined
matrix transition is established with narrow tolerances. Negligible drawbacks on
composite quality such as thickness deviation, fiber volume content, and void con-
tent are observed.

The realization of IFRH sets specific requirements regarding the selection of ma-
trix materials. Since matrix materials are processed simultaneously within the pre-
form chemical compatibility, process-related compatibility and distinct mechanical
properties need to be met by elastomeric and thermoset matrix materials. Hence,
pre-selected matrix materials are experimentally investigated regarding miscibil-
ity, viscosity, hardness, stress-strain behavior and tensile modulus. The results
show that commercially available elastomeric and themoset resin systems exist,
offering suitable material properties (i.e miscibility) when mixed. Furthermore, the
stress-strain results of carbon fiber reinforced elastic, tough, and conventional rigid
matrix materials allow distinct statements regarding the matrix influence on com-
posite performance (e.g. stress-strain, Young’s modulus, tensile strength, Poisson’s
ratio, etc.). It can be stated that elastic matrix materials lead to a reduction in
Young’s modulus and tensile strength properties of carbon fiber reinforced elas-
tomers (CFRE) due to excessive fiber re-orientation and reduced load homogeniza-
tion between fibers as a result of low matrix shear moduli.

Based on the identified elastic matrix materials IFRH are experimentally investi-
gated with a purpose-developed bending device for large deflection up to opening
angles of 90°. Quasi-static bending tests reveal that bending properties (i.e. bending
modulus, bending deformation, and strain distribution) show strong dependencies
on reinforcement architecture and hinge dimension. IFRH specimens with off-axis
dominated fiber orientation comprise low bending moduli in combination with high
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opening angles (up to 45°) before failure. Cyclic tests prove that no drawback in
in-plane properties (Young’s modulus, tensile strength) need to be expected for
certain hinge designs after elevated deformations (10000 cycles) up to ±45°.

The findings clearly illustrate the enormous potential of IFRH based on FRE and
the hybrid-matrix approach for the application in shape adaptive lightweight struc-
tures by combining high bending deformations and high load carrying capability.
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1 Introduction
1.1 Shape adaptive lightweight structures:

Omnipresent design objective with monumental
challenges

In recent years, structural design of technical systems in aviation and automotive
industry follows distinct design trends to maximize efficiency: the utilization of
lightweight materials and the application of shape adaptive principles.

Already the Wright Brothers were aware of the necessity of adaptive lighweight
airfoils to enhance flight performance in various flight states when they designed the
Wright Flyer in 1903 [1]. Since then shape adaptive or shape morphing structures
have represented an evolutionary development objective for advanced structural
applications of airplanes, vehicles, or wind turbine blades. Defined as

• "...structures whose geometric and inherent structural characteristics can be
changed beneficially in response to external stimulation by either remote
commands or automatic means" [2]

or as

• "...a set of technologies that increase a vehicle‘s performance by manipulating
certain characteristics to better match the vehicle state to the environment
and task at hand" [3]

they address the continuous deformation of shape without discrete parts which
move relative to each other [4].

Benefits cover aspects to improve the aerodynamic quality, in particular reduced
aerodynamic resistance, reduced noise emergence, and enhanced uplift or down
force, which can be maintained over a wider range of geometrical and operational
conditions. Related to technical applications, fuel consumption can be reduced
dramatically.

Shape adaptivity in form of morphing airfoils with variable camber or adaptable
wing configurations represent an established field of research given by the number
of publications. Examples such as the DLR droop nose1 (see Figure 1-1 a)) allow
the distinct variation of uplift to reduce take-off or landing speed [6][7]. Besides,
concept studies of unmannned aircraft vehicle (UAV) with variable wing constella-

1Corresponding research projects: SmartLED, SADE, JTI-SFWA, SARISTU [5]
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2 Introduction

tions (see Figure 1-1 b)) resulting in optimum flight performance along the entire
flight envelope are investigated [8].

!"

#"

Figure 1-1 a) Morphing droop nose by DLR [6][7], b) Morphing wing concept Lockheed Martin
2007 [8]

The benefits and design idea of shape adaptability also emerge in the automo-
tive industries. The importance of aerodynamic performance in combination with
lightweight design is declared as a leading design objective for commercial applica-
tions aside the race track. Current car studies of BMW and Daimler underline the
topicality and the relevancy of this matter.

!"

!"

Figure 1-2 a) Shape morphing car study BMW Next 100 Years [9], b) Intelligent Aerodynamic
Automobile (IAA) Daimler [10]



Introduction 3

Both studies, the BMW Next 100 (see Figure 1-2 a)) as well as the Intelligent Aero-
dynamic Automobile (IAA) of Daimler (see Figure 1-2 b)), provide the excessive use
of shape adaptive structures and materials to reduce the number of gaps and dis-
continuous geometry changes. They reduce the aerodynamic resistance and enhance
the air flow. The exploitation of shape adaptive structures reaches from extendable
elements, shape changing rims, and closeable air inlets to completely covered and
flexible wheel housings. These principles allow record-breaking aerodynamic resis-
tance values and the inherent reduction of fuel consumption in combination with
day-to-day usability and highly aesthetic appeal.

In both industries, lightweight design is additionally addressed by the extensive
use of carbon fiber reinforced plastics (CFRP). Their weight-specific strength and
stiffness properties in combination with the feasibility of highly complex geometries
make them the material of choice. Improved ecological footprints and the possibility
to compensate the weight of new power-train systems or additional safety and
comfort systems can be seen as their achievement.

A breakthrough in terms of commercially wide-spread shape adaptive structures
has not yet taken place. "Historically, morphing solutions always led to penalties in
terms of cost, complexity, or weight..." as stated by Barbarino [11]. A reason for this
can be found at the monumental challenge of the successful exploitation of both
design approaches combining lightweight and shape adaptive principals. A success-
ful morphing system with optimal lightweight properties is a balanced combination
of load bearing capability and shape changing ability, which fulfills the fundamen-
tal shape adaption requirements (see Figure 1-3) postulated by Capmanile in 2005
[12].
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Figure 1-3 Requirement triangle of lightweight shape adaption [13]

The inherent character of lightweight materials such as fiber reinforced plastics
(FRP) implies high stiffness and strength with negligible deformations. Shape



4 Introduction

adaptive structures, however, need to offer large deformations in combination with
reasonable actuation forces. They predict dimensions of corresponding actuator de-
vices and finally the weight of the entire system. This technical conflict drives re-
search since the first steps of adaptive structures. Back in 1903, the Wright Brothers
stated that no suitable materials were available to overcome this technical conflict.
Since then material science has advanced. New and promising materials, material
combinations, and concepts were introduced, which need to be exploited to reveal
their potentials and limitations for perspective shape adaptive structures.

1.2 Compliant mechanisms as promising solution

A promising solution to solve the fundamental conflict is the realization of de-
fined and discrete morphing properties within integral structures, namely com-
pliant mechanisms [14][15]. Local reduction of bending stiffness leading to shape
adaptability in combination with high load bearing capabilities based on an integral
design is the main characteristic (see Figure 1-4).

!" !"
Figure 1-4 Shape adaptable systems: a) conventional design based on free rotating hinge joint

and an actuation element b) compliant design with integrated actuation, reduction
of element stiffness by local reduction of cross section area [12]

According to Campanile [12], conventional shape adaptive systems consist of an
articulated mechanism and an actuator. The actuator on the one hand carries loads
in the rotation direction and on the other hand leads to an actuation. Drawback of
this system is the increasing the number of elements, weight, and installation space.
In comparison, a compliant mechanism allows for rotatory movement by localized
bending deformation within the elastic range of the material. The discrete reduction
of the element stiffness supports this behavior. This can be realized by a reduction
of the cross section area as it is displayed in Figure 1-4. Here, actuation is integrated
in the inherent structural flexibility (build in restoring forces) of the material. No
wear, no backlash, less production of noise, smooth geometry changes, reduced
assembly effort, and integral manufacturing are the main advantages of compliant
shape adaptive systems [12][16][17]. Besides, Campanile [12] states that due to a
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portion of load, which is carried by the motion within the degree of freedom, the
system’s reliability is increased.

At compliant systems shape adaptability is limited to key areas, as it can be seen in
Figure 1-4. The load carrying capability is reduced only locally. Possible weakening
of the entire structure is thus minimized.

A design concept where this approach is applied in combination with lightweight
materials is the integral fiber reinforced hinge (IFRH). Here, partial flexibility is
established by the integration of flexible matrix materials, such as silicone rubber,
within conventionally rigid laminates using epoxy matrix materials (see Figure 1-5).
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Figure 1-5 Partial flexible fiber reinforced composite: continuouse fiber reinforcement in combi-
nation with epoxy resin and silicone rubber as matrix materials [18]

The result is a compliant mechanism with excellent shape adaptability and high
load carriage potentials, since fiber reinforcement is continuous within the hinge.
These elements can already be found in deployable space structures [18][19][20].
Ultra thin hinged laminates are used in order to generate geometric stability after
the deployment in combination with extreme bending characteristics (i.e. bending
angle up to 180°) for compact folding.

Up to now, the applications focuses space structures due to the high amount of
manual labor for the manufacturing of IFRH. For the transfer from space appli-
cations to aviation and automotion, the properties of IFRH need to be adapted
regarding industry-related requirements and load scenarios. Suitable matrix mate-
rial, fiber reinforcements, and hinge designs have to be investigated to prove their
suitability. Besides, innovative manufacturing processes have to be found which
are able to realize hybrid-matrix composites combining flexible and rigid matrix
materials in one laminate.

The presented thesis focuses on the above mentioned adaptations which are re-
quired to make shape adaptive structures in form of a compliant mechanism based
on IFRH commercially available for a broader use in the near future.
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1.3 The hybrid-matrix approach as foundation

The prerequisite for IFRH is the realization of locally different property profiles
within one laminate. Local adaption of matrix materials to locally changing re-
quirements within one component represents a beneficial method to realize design-
optimized, cost-efficient and functional-enhanced composite structures.

Figure 1-6 Hybrid-matrix approach: function and influences of fiber and matrix on the compos-
ite properties based on [21][22], conventional CFRP, and hybrid-matrix composites
with out-of-plane and in-plane matrix transition
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Todoroki [18] varies the matrix materials (e.g. epoxy resin, silicone rubber) locally,
leading to high flexibility at the hinge area. The flexible and rigid matrix mate-
rial forms an out-of-plane transition line separating the compliant area from the
conventionally rigid composite.

This circumstance represents a novelty to the common use of composites where one
matrix system is used for the entire laminate. Besides the application at IFRH, the
hybrid-matrix (HyMa) approach offers new possibilities in structural design. Matrix
materials dominate various composite properties (e.g. bending stiffness, damage
tolerance, temperature resistance, and fatigue) as it can be seen in Figure 1-6.

In comparison to conventional CFRP in hybrid-matrix composites different matrix
materials (e.g. Matrix A and Matrix B) are integrated into the laminate either
with an out-of-plane transition or an in-plane transition (see Figure 1-6). Here, the
transition is described by the interphase between the matrix materials and can be
found parallel to the plies (in-plane) or perpendicular (out-of-plane) to it as it is
the case with IFRH.

The baseline for an efficient industrial application are manufacturing processes ca-
pable of the defined integration of multiple matrix materials in complex and integral
composite structures. Besides, suitable matrix materials need to be available. Com-
patibility regarding chemical and process-relevant properties are a prerequisite.

1.4 Objectives and outline of the thesis

A holistic solution for shape adaptive lightweight structures cannot be found within
the framework of a single thesis. Shape adaptivity has countless characteristics, is
subject to application specific requirements and cannot be seen independently from
associated actuator elements and structural boundary conditions. Certainly, a de-
cisive step can be made towards the general understanding of suitable materials
such as carbon fiber reinforced elastomers (CFRE), their application in compliant
mechanism (i.e. IFRH) as well as necessary manufacturing technologies. The pre-
sented thesis focuses on four essential research questions to make a contribution to
the existing knowledge.

1. How can hybrid-matrix composites be manufactured based on industrial rel-
evant processes?

2. Which matrix materials are suitable for the application in integral fiber rein-
forced hinges?

3. Which properties and dependencies do they comprise when fiber reinforced?
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4. Which bending properties can be expected of integral fiber reinforced hinges?

These research questions are addressed in the three main chapters of the thesis
(chapter 3 to chapter 5).

Chapter 3

The first research question addresses the general practicability of hybrid-matrix
composites in terms of manufacturing technologies. It is believed that the appli-
cation and development of new materials within new design elements can only
be transferred into a commercially successful innovation when the framework of
producibility is ensured. The early and simultaneous investigation of suitable man-
ufacturing technologies represents a promising approach. Chapter 3 introduces a
closed mold injection process for the manufacturing of hybrid-matrix composites.
It is derived from industrial as well as application-oriented requirements. Based
on the local and reversible over-compaction of the dry fiber bed, defined separa-
tion lines between two simultaneously injected matrix materials can be realized.
This concept is analytically and experimentally evaluated. The quality of the fi-
nal demonstrator parts, comprising a pre-defined transition line, is investigated in
terms of transition tolerances, void content, and geometric deviations.

Chapter 4

The second research question aims at the identification of suitable matrix materials
for IFRH and their properties. Matrix selection is influenced by various demands.
Besides requirements coming from the manufacturing point of view (e.g. viscosity,
pot life), chemical compatibility needs to be guaranteed. The flexible and rigid
matrix materials are supposed to form a gradual transition within the laminate to
reduce the risk of flaws and potential peaks in stress. In the first part of chapter
4, commercially available matrix systems showing promising properties are exper-
imentally assessed. Properties such as chemical compatibility, mixing viscosity, as
well as mechanical properties (e.g. hardness, tensile stiffness, and tensile strength)
are experimentally determined.

In the second part of chapter 4 the mechanical tensile properties of the matrix
materials in combination with carbon fiber reinforcement are experimentally in-
vestigated, while focusing on research question three. CFREs do not represent a
novel material. Various applications such as tires, pipes, or tension flanges can be
found. However, only little is known about the effects of elastic matrix materials on
the composite properties using carbon fibers. The general fiber-matrix interaction,
strain characteristics, and failure behavior is unknown. Besides, testing represents
challenges regarding load introduction and strain measurement. The presented the-
sis makes a decisive contribution to these topics by investigating composite mate-
rials with matrix materials offering a wide rang of Young’s modulus (1.8 MPa to
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2.4 GPa). This allows a distinct statement on the influence of matrix stiffness on
composite properties such as tensile stiffness, tensile strength, strain peculiarities,
and failure behavior.

Chapter 5

The final research question addresses the exploitation of bending properties and
operational conditions IFRH have to offer. Properties such as bending moment -
opening angle relation, bending stiffness, damage behavior, and fatigue behavior
are determined. Since IFRH represent an integral element with multiple materials
and continuous fibers, bending properties are characterized on coupon level. IFRH
specimens comprising the continuous fiber reinforcement and locally defined inte-
gration of elastomeric matrix material are studied. This approach includes different
hinge designs and setups to give a distinct insight into the effects of material and
design on bending performance. An experimental approach is chosen since IFRH
represent highly complex systems. Besides the area with CFRE, the transition area
with gradual change of composite properties, the continuous fiber reinforcement,
as well as the large bending deflection represent enormous challenges regarding
simulative description.

With the presented thesis a contribution shall be made by making experimen-
tal data available to the scientific community. Based upon the results, continuous
numerical investigation can follow. Particular emphasis is placed on the character-
ization of applied materials, detailed description of specimens preparation as well
as specification of test conditions.

Figure 1-7 gives an overview of the research questions, sub-quiestions, scientific
methodology and activities as well as the outline of the thesis.
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Figure 1-7 Research questions, sub-questions, research activities and outline of the thesis
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In the following chapter background information of hybrid-matrix technologies,
fiber reinforced elastomers, and integral fiber reinforced hinges is given.

2.1 Hybrid-matrix technology: Applications and
manufacturing methods

The identified applications and manufacturing processes, which will be presented
in the following, all foresee the integration of different matrix materials in a single
composite structure. The idea of an integral design approach represents the funda-
mental peculiarity. The number of structural elements can be reduced dramatically
and no additional secondary bonding or joining operations need to be executed,
saving manufacturing time and costs. Thus, the identified applications and manu-
facturing methods combining multiple resin systems follow two intentions:

• Functional enhancement of composite structures

• Combination of different manufacturing processes

Moreover, according to the identified applications the arrangement of the different
matrix materials in one laminate is conducted in two ways (see Figure 1-6).

• In-plane separation • Out-of plane separation

The matrix separation line or interphase can be found parallel to the reinforcing
layers leading to an in-plane orientation. Additionally, the transition between the
matrix materials can be found orthogonal to the fiber reinforcement with an out-
of-plane orientation. In the following, existing approaches are presented according
to the peculiarity of the transition line.

2.1.1 In-plane separation line

Manufacturing processes and design approaches exist, trying to enhance structural
performance and functionality by integrating multiple resin systems into differ-
ent layers of a composite laminate. In 1997, a patent was registered by Bruce K.
Fink, John Gillespie, Emanuele Gillio, and Karl Bernetich [23] introducing a single
step co-injection RTM process (CIRTM) using a separation film between different
layers of fiber reinforcement to separate the matrix material during injection. In
Figure 2-1 the basic concept can be seen. In the following years multiple publi-

11
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Figure 2-1 Experimental setup for co-injected composites [24]

cations were produced by this research group. They investigated suitable matrix
materials with regards to functional enhancement such as improved damage toler-
ance and flammability performance [24][25][26][27][28][29][30]. The manufacturing
approach was used to manufacture various dual layer composites. The layers com-
prised vinyl-ester resin or epoxy resin both promoting structural integrity. The sec-
ond layers had a phenolic resin with enhanced flame resistance or a polyurethane
resin with improved damage tolerance. A polysulfone film acted as a separation
layer to avoid mixing of the different resin systems during the infusion process.
Both matrix systems were co-injected and co-cured. Based on diffusion enhanced
adhesion, the injected matrix materials bond to the separation film leading to an
integral structure. Besides, Harkare and Gillespie introduced a concept to separate
the two matrix materials by using activated powder binder between layers where
the separation line was established [31].

Initial aspirations to improve the automated manufacturing of complex composite
structures by combining different process technologies was introduced by Ermanni
in 1990 [32]. Wet-winding processes were combined with prepreg technology, lead-
ing to a highly integral, monolithic fuselage structure. Curing of the wet-winded
elements and the prepreg material took place in a single curing step (i.e. co-curing).
Here, HyMa composites were a by-product of process technological considerations.
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Wet-winding represents a productive cost efficient method to manufacture cylin-
drical structures. Prepreg technology allows the realization of complex rib and
stiffener structures or window frames. The combination of both processes (i.e. wet-
winding and prepreg process) lead to a weight optimized, highly integrated, highly
automated, and cost efficient manufacturing approach. Ermanni pointed out the
necessity of compatibility of the different resin systems regarding both chemical
characteristics and process relevant properties such as processing time, curing be-
havior, and impregnability.

In 2005, Kaps [33] presented a combined prepreg infusion technology (CPI) for
integral fiber reinforced plastic structures. Here, pre-impregnated layers of fiber
reinforcement were combined with dry layers, which were impregnated via resin in-
fusion with flexible tooling (see Figure 2-2). Both materials were processed in one
manufacturing step (in-situ) with a combined curing (co-curing) approach. To en-
hance the bonding properties between the different matrix systems, polymer films
were integrated (see Figure 2-2 b)). Process induced characteristics of the inter-
phase were intensively studied by Kaps in [34] regarding chemical compatibility of
resin systems, the morphology at the transition area, and the mechanical properties
of the matrix transition within the composite. Besides structural enhancement the
CPI aims at the improvement of manufacturing processes for aviation structures.
Large shell segments of the fuselage were pre-manufactured using automated fiber
placement processes based on prepreg material since structural complexity is low.
Subsequently stiffening elements with higher geometric complexity such as omega
stringer were applied using core systems and dry preforms. Advantages can be
found at the requirement orientated selection of manufacturing processes. There-
fore, prepreg technologies is used for large low-complexity elements and infusion
technology is used for small but highly complex elements. Process time, dominantly
determined by the impregnation length at the composite structure, is minimized
by the combined approach.

Wellhauser continuously [35] investigated the CPI approach based on the combina-
tion of modified matrix materials which were used for the prepreg and the infusion
matrix. Again, improved impact tolerance as well as flame resistance were the key
driver for the hybrid-matrix approach. Aviation qualified epoxy resin systems such
as HexFlow® RTM6 (Hexcel Corporation, Stamford) and Epsilon 99100 (Henkel
AG Co. KGaA, Düsseldorf) as well as prepreg resin systems such as HexPly®

M18/1 and HexPly® M21 (Hexcel Corporation, Stamford) with polyethylenimine
(PEI) and polyethersulfones (PES) as toughness modifier were investigated. Hybrid
laminates were analysed with regards to matrix dominated properties such as inter
laminar shear strength, fracture toughness, compression strength, and compression
after impact. Tests were conducted at neat resins as well as CPI specimens. Spe-
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Figure 2-2 Principle of the combined prepreg infusion process: a) without barrier film, b) with
barrier film [34]

cial intention can be found at the identification of fracture behavior within the
transition area between the prepreg layers and the infused layers.

All authors explicitly acknowledge the necessity of chemical and process related
suitability of the matrix materials for a successful manufacturing of HyMa com-
posites.

Besides the combination of different thermoset matrix materials the combination
of thermoset (TS) and thermoplastic (TP) matrix material can be found. Hybrid
interlayers of thermoplastic material are combined with thermoset matrix mate-
rial building a HyMa composite (see Figure 2-3). Thermoplastic films partially
impregnate the fiber reinforcement during a hot molding process. Dry fibers are
subsequentially impregnated with a thermoset matrix. The use of TP/TS hybrid
matrix composites emphasizes process related particularities, namely the realiza-
tion of functional TP surfaces for adjacent joining operations via welding processes.
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Figure 2-3 Concept of thermoplastic (TP) hybrid interlayer [36]



State of the art 15

Ageorges [37][36] and Deng et al. [38] give a comprehensive overview over the joining
technology based on hybrid interlayer composites, which were introduced by Gary J.
Jacaruso et al. in 1993 [39] and by Roderic C. Don et al. in 1994 [40][41]. They state
that bonding properties between the TS and TP matrix material were enhanced
by diffusion processes. When the TP and TS materials are chemically compatible,
the TS hardener solves the TP matrix leading to interdiffusion of macromolecular
chains of both matrix materials within an interphase region [36].

2.1.2 Out-of-plane separation line

A characteristic for the out-of plane separation line is the continuous and perpen-
dicular fiber course throughout the different matrix materials. As presented in the
introduction, Todoroki [18] introduced a composite structure comprising silicone
matrix material combined with epoxy resin. The manufacturing process was based
on ply wise, local wet lamination of the silicon matrix material, and subsequent
vacuum infusion of an epoxy matrix material. Both systems were cured at room
temperature. An initial test regarding the bonding behavior between silicone and
epoxy revealed that no weakening at the interphase area needs to be expected.
Tensile specimens comprising epoxy and silicone areas fail within the silicone part.

This manufacturing approach was also used by Jimenez and Sakovsky [42] to manu-
facture glass fiber reinforced composite hinges for foldable wideband antenna struc-
tures (see Figure 2-4 a)). As matrix materials Hexply® 913 film epoxy (Hexcel Cor-
poration, Stamford) and UV-curing silicone LOCTITE® 5055™ (Henkel AG Co.
KGaA, Düsseldorf) were used. The application of epoxy film leads to a defined dis-
tribution of epoxy resin within the dry fibers. The silicone matrix materials were
manually applied at the designated hinge areas and cured by UV-light exposure.
According to the authors a defined out-of plane separation lines and precise hinge
dimensions could be established by this method (see Figure 2-4 b)).

Besides, the manual application of rubber-elastic matrix material within a conven-
tional rigid composite and the local integration of additive modified resin systems
by liquid resin printing exists. This method was initially introduced by Ivanov et
al. [43] to improve the preform stability by through thickness pins, which were lo-
cally injected via a needle. The locally injected pins cure prior to the injection of
the entire part and are supposed to increase the preform stability during handling
operations (see Figure 2-5).

Recent approaches of Ivanov [44] and Stanier [45] made use of this manufacturing
method for the local integration of carbon nanotube modified resin systems. The
modified resin systems were locally injected and cured. In a separated step the
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Figure 2-4 a) Fiber reinforced hinge with locally applied silicone, b) micrograph of interphase
section [42]
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Figure 2-5 Liquid resin injection: a) general concept, b) needle injection, c) fully impregnated
and cured part [43]

dry fiber material was impregnated via vacuum infusion with flexible tooling. The
filtration effect of the fibers is used to restrict the matrix and additive distribu-
tion within the composite. As it can be seen in Figure 2-6, defined out-of-plane
separation lines between resin systems with different properties could be realized.
The integration of nonotube modified resin was used as functionalization improv-
ing fatigue properties. Experimental investigations show that the local modification
leads to local deviation in strain distribution influencing the failure behavior during
tensile tests. As a drawback the thickness deviation between the rows of injected
nanotube patches and the un-modified composite area was identified.

In 2008, a patent by Xiaomei Fang et al. [46] was granted, in which the manu-
facturing of multi-resin composite articles with an out-of-plane transition line is
described. Multiple resin systems can be integrated into the preform via multiple
inlets and outlets within the same infusion or injection setup. Transition areas were
realized by the local application of vacuum and lead away of matrix material both
within the preform. In Figure 2-7 the process set up is shown.

Based on pressure gradients the different matrix materials form gradual transitions.
The authors assume that the gradual matrix transition leads to reduced stress
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Figure 2-6 Liquid resin injection: a) specimen design with local integration of CNG modified
resin, b) micrograph with distribution of CNG modified resin [44]
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Figure 2-7 System and method for the manufacturing of multi-resin composite articles [46]

concentration within the transition area preventing or mitigating failure at the
matrix transition. No further information on the practicability and actual use of
this patent is available to the authors knowledge.
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2.2 Fiber reinforced elastomers: Materials,
applications, manufacturing, and tensile
properties

FREs are an omnipresent composite material within various technical applications
as it can be seen in Figure 2-8.
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Figure 2-8 Applications of fiber reinforced elastomer [42][47][48] [49][50][51]

The following chapter introduces elastomer materials, their properties, specialties,
industrial applications of FRE as well as associated scientific efforts along the
advancement of this material class.

2.2.1 Elastomer polymers as matrix material

Characteristics of elastomeric polymers are high elongation at break in combination
with low deformation stresses. Maximal tensile strains above 1000 % are common
within this polymer class. The reason for this characteristic is the use above the
glass transition temperature, which can be found clearly below room temperature
for highly flexible elastomer materials (see Figure 2-9 a)). On molecular level the
high strain capability is provided by long entangled molecular chains with a small
number of rigid cross linking points (see Figure 2-9 b)).
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Figure 2-9 a) Influence of temperature on polymer E-modulus, b) schematic structure of poly-
mers and operational conditions [52]

In combination with fiber reinforcements in technical applications dominantly sili-
cone and polyurethane elastomers can be found due to their processability [50][53][54].
Besides, investigations can be found where ethylene-propylene-diene-monomer-rubber
(EPDM) as well as thermoplastic elastomers (TPE) are used to create FREs [55].
In the framework of the presented study polyurethane polymers are focused on
as matrix material. They can be processed using composite related manufacturing
processes and do not require additional fiber treatment to increase fiber-matrix
bonding since specific PU fiber sizing are commercially available. Their chemical
composition allows for various mechanical characteristics ranging from hyperelastic
to brittle.

Chemical background of polyurethanes

Polyurethanes represent a versatile polymer group since they exist as flexible and
rigid foams as well as highly flexible casting resins and rigid matrix materials for
composite parts in serial production. Applications reach from automotive compo-
nents, furniture, footware, and thermal insulation to construction components. A
comprehensive insight and overview of applications and properties can be found in
[56].

Chemically characterized by the urethane group, polyurethanes are formed by a
polyaddition between polyols, providing hydroxyl functions and isocyanats hav-
ing more than one reactive isocyanate per molecule [57][58]. The most common
isocyanat building blocks are toluene diisocyanate (TDI) and methylene diphenyl
diisocyanate (MDI). In combination with the polyols they have a dominant influ-
ence on the mechanical characteristic of the PU[58]. Polyether as well as polyester
polyols can be used to synthesise elastomers. Important criteria for the design
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of PUs are molecular weight and hydroxyl value. The molecular weight correlates
with the length of the molecular chains. The hydroxyl value gives information on
the amount of isocyanate reactive groups per unit weight of the polyol and finally
the number of rigid cross linkage (see Equation 2-1)[57].

Hydroxyl value(mgKOH/g) = 56.1 · functionality

molecular weight
· 1000 (2-1)

The molecular weight and hydroxyl values for different peculiarities of polyurethanes
can be seen in Table 2-1[57].

Table 2-1 PU properties correlating to molecular weight and hydroxyl values

Characteristic Flexible foams Rigid foams
and elastomers and plastics

Molecular weight (g/mol) 1000 to 6500 150 to 1600
Hydroxyl value (mg KOH/g) 28 to 160 250 to 1000

Polyol and isocyanate selection as well as possible modification via additives influ-
ence the molecular network, consisting of hard and soft segments, and by this the
final mechanical, thermal, and rheological properties of the PU.

Specialties regarding mechanical properties

In comparison to brittle and ductile polymers, which are commonly used as matrix
material, elastomers show entropy elastic deformation. The general assumption of
liner elastic deformation behavior according to Hook’s law, which is based on the
energy elastic approach, cannot be applied to elstomers. When elastomer materials
are deformed, molecular chains are stretched and orientated, leading to a reduction
of entropy. After the removal of the load the system pursues a high entropy state
leading to a contraction and strong entanglement. Hence, a discrete elastic modulus
theoretically does not exist for elastomer polymers.

Elastomer and hyperelastic materials exhibit deviant properties when stretched.
The following characteristics stated by Bauman [59] and Cantourenet et al. [60]
are typical for the stress-strain responds of elastomers:

• Low elastic modulus

• High elongation at break

• Non-linear elastic behavior

• Residual strain

• Creep

• Stress-relaxation
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• Strain rate dependency

• Hysteresis effects during un-
loading

• Cyclic stress-softening and stress
hysteresis (Mullins effect)

• Strain crystallization

• Temperature dependency of all
above mentioned characteristics

In Figure 2-10 the stress-strain behavior at cyclic, incremental increasing load can
be seen. The mentioned phenomena such as hysteresis loops, non-linearity, residual
strain, stress-relaxation, and the Mullins effect can be identified.

Figure 2-10 Characteristic behavior of a rubber-like material under uni-axial cyclic tension [61]

Strong non-linearity of the stress-strain responds exists throughout the entire range
of deformation. Unloading of the specimen leads to hysteresis loops and residual
strain both increasing at elevated stress levels. Hysteresis loops are caused by energy
dissipation based on visco-elastic and visco-plastic behavior. Inner friction when
molecular chains are entangled and aligned during deformation as well as strain
crystalinization [62] contribute to this effect. Residual strain is the result of chain
breaking and irreversible chain deformation [59].

Repeated loading within every incremental step takes place at lower stress levels
compared to the initial virgin loading curve. This stress-softening phenomena is
referred to as the Mullins effect [60][59][63].

The Mullins effect describes the strss-softening of particle filled natural rubber at
cyclic loading firstly identified by Mullin 1948 [64]. If filled rubber materials are re-
peatedly stretched to a certain stress level the corresponding stress-strain behavior
follows the path of the un-loading responds. When the same specimen is stretched
to a stress level exceeding the initial one, the stress-strain responds continuously to
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follow the master curves path of the virgin material. For repeated cycles at this load
level the unloading path again represents the stress-strain behavior. This behavior
is repeated for increasing load levels. In general, stress-softening effects at cyclic
loads disappear with an increasing number of cycles [59]. After approximately 10
cycles at constant stress level the Mullins effect can be neglected [63]. Nevertheless,
it is stated by Bauman [59] that the Mullins effect is the most dramatic effect oc-
curing in cyclic deformation. Excessive work has been carried out to investigate this
complex effect and to enable the modeling of the mechanical behavior studied in
phenomenological approaches. Diani et al. [63] gives a comprehensive review on the
Mullins effect, investigated materials, modeling approaches, and possible physical
interpretations of its origin. Predominantly rubbers such as nitrile butadiene rub-
ber (NBR), styrene butadiene rubber (SBR), ethylene-propylene-diethy-methane-
rubber (EPDM), polydimethylsiloxane (PDMS), and polychloroprene (Neoprene)
have been studied. Different authors propose the following physical effects on micro-
and mesoscopic level leading to the stress-softening at cyclic loading:

• Bond rupture

• Molecule slipping

• Filler rupture

• Network re-arrangement

• Molecule chain retraction

• Disentanglement of long molecule
chains

Hence, it is stated that no clear answer can be given on the validity of these
explanations [63]. The Mullins effect represents an important design parameter
for integral fiber reinforced hinges, since they are repeatedly deflected to different
angles and stress levels during application.

2.2.2 Applications, manufacturing, and tensile properties of
fiber reinforced elastomers

FREs can be found in applications such as pneumatic tires, pneumatic actuators,
or shape adaptive structures (see Figure 2-8). Along their development, excessive
research efforts can be found focusing the peculiarities of FREs.

Cord reinforced tires

Since the late 1880s, FREs have been an important component of the daily mo-
bility. At pneumatic tyres the anisotropic material properties are used to realize
a highly flexible but highly pressure resistant construction. Initially flax and cot-
ton cords were used as reinforcement material. Nowadays, synthetic fibers such as
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polyester, nylon, and glass are used in combination with metal fiber reinforcement
in various radial and axial fiber orientations. Takeyama et al. [65] gives a com-
prehensive overview on reinforcement materials and their mechanical as well as
chemical properties.

Besides manufacturing related topics rising research interests regarding analytical
description of material behavior of fiber reinforced elastomer can be found. Be-
ginning in the 1940s, composite materials combining rubber matrix systems with
low elastic modulus and high strain properties and cord as reinforcement with an
explicitly higher elastic modulus but lower strain capabilities are heavily investi-
gated. Focus lays on the theoretical description of different constitutive materials,
non-linear stress-strain behavior, and the mechanical characterization [66][67][68].
Central point of interest is the determination of elastic constants for orthotropic
unidirectional cord reinforced rubber assuming cord elasticity. Walter [68] evalu-
ated existing theories such as the rule of mixture for the prediction of composite
properties on meso-level.

Pneumatic muscle

The flexibility given by the elastomer matrix in combination with re-orientation
of fiber reinforcement is excessively used within pneumatic actuators. Hollow FRE
tubes with off-axis fiber angles contract when pressurized due to material compli-
ance and fiber re-orientation. Introduced in the early 1990s, the investigation of
pneumatic actuators leads to research efforts regarding manufacturing methods,
elastomer matrix materials, fiber architectures, and material modeling considering
non-linear approaches. Comprehensive studies on FRE were carried out by Larry
D. Peel in 1998 [54] as well as Martin Koschmieder [53] in 2000.

Peel investigated material combinations based silicone and polyurethane resin sys-
tems and cotton as well as glass fibers reinforcement. Besides the experimental
analysis of manufacturing methods such as wet winding or injection molding he
carried out excessive tensile test to identify the influence of composite materials
and reinforcement orientations with ±α layups varying from 0◦ to 90◦. Worth men-
tioning are high fiber volume contents of cotton / silicone and cotton / polyurethane
tensile specimens of approximately 62 % and specimen thicknesses between 3.99 mm
and 7.24 mm. Prior to his studies dominantly fiber volume fractures below 30 % can
be found. Initially, strain is measured by an extensometer. Due to limited strain ca-
pability he finally used machine position for the strain calculation and an analytic
correction function. Though, precision of the measurements is not satisfying.

Experimental results are compared with linear material models such as the rule
of mixture, Chou’s approach [67] and non-linear material models such as the Og-
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Figure 2-11 Predicted and measured fiberglass/silicone stress-strain behavior from [±0°]2 −
[±90°]2[54]

dem model. He addressed geometrical non-linearity given by fiber re-orientation
during elongation. Good correlation between his models and the experimental re-
sults were achieved (see Figure 2-11). Though, strong dependencies regarding the
reinforcement orientation and reinforcing fiber materials were identified.

Besides, he explicitly stated that due to insufficient clamping of the axis specimens
and specimen slippage fiber failure could not be establish. Thus, no values for tensile
strength exists. For further experimental work he recommended on the one hand
test allowing the determination of the Poisson’s ratio since he expected non-linear
behavior. On the other hand he recommended tests with medium strain matrix
materials and technical aerospace fibers to fill the gap between the existing data
on stiff composites and highly elastic composite.

Martin Koschmieder [53] gives an comprehensive insight into the process related
properties of elastomers suitable for the application in pneumatic muscles. He inves-
tigates different commercially available elastomer materials based on silicone and
polyurethane casting resins. He determines viscosity and curing behavior in relation
to temperature influences. Viscosity lays in the range of 0.002 Pa·s up to 11 Pa·s.
with processing periods between 2 minutes and more than 24 hours. To overcome
the common challenge of high molecular weight and long molecular chains which
increases resin viscosity, he investigates elastomer solvent and dispersion systems.
He shows that the viscosity of a reactive system can be reduced significantly up
to 99 % and that the processing time of elastomer casting resins can be increased
more than 100 %.

Special interest can be found in the analysis of laminate quality based on the
determination of impregnation quality and quantified fiber-matrix bonding. Spec-
imens are manufactured with a modified filament winding equipment using glass
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and aramid fiber reinforcement. Fracture analysis of cryogenic destructed speci-
mens reveal that rovings are fully impregnated. Thus, at specimens using silicone
matrix material no sufficient fiber-matrix bonding can be detected due to exposed
un-coated filaments. This finding is verified by the results of roving pull-out test.
Shear strength of silicone matrix specimens is approximately 11 times lower com-
pared to an epoxy resin system and around factor 9 for polyurethane matrix ma-
terials. Koschmieder states that shear strength results correlate with the measured
surface tension values of the matrix materials being low for the silicone matrix
materials and high for the epoxy material.

Koschmieder determines tensile properties of the different FRE based on ASTM
D2290 [69] using NOL-ring specimens. The reason can be found at his intention
to overcome the challenge of load introduction into the unidirectional reinforced
specimens leading to specimen failure by fiber rupture. He states that due to friction
between specimens and test aperture no elastic modulus could be determined.
The use of strain gauges was not possible due to insufficiency bonding to the
silicon matrix material. The NOL-ring specimens lead to strong deviations from
literature values. He believed that the reason can be found at in-homogeneous stress
states due to different deformations at the inner and outer fiber of the NOL-ring
specimens. Koschmieder points out the difficulties of testing FRE to determine
meaningful tensile properties.

Shape adaptive / deployable space structures and flexible skins

FREs can be found excessively at shape adaptive structures or deployable structures
such as morphing skins and satellites reflectors. Advantages such as lightweight de-
sign based on carbon fibers, electric conductvity, high reflectivity, re-configurability,
dimensional stability regarding thermal loads, and foldability of membrane struc-
tures are beneficially used [50]. Research effort is put into the investigation of
suitable materials, corresponding manufacturing processes, and comprehensive ma-
terial models for the prediction of material behavior. As matrix materials dom-
inantly silicone matrix materials are used. Operational temperatures between -
150 °C and +200 °C, good outgassing characteristics, and the commercial avail-
ability of aerospace certified material allow the application in space environment.
Besides unidirectional carbon fiber reinforcement, triaxial fiber reinforcements are
introduced [70]. Manufacturing is dominated by hand lamination processes. The
reason can be found at high process viscosity above 1 Pa·s. Though, fiber pre-
treatment with primer solutions is necessary to increase fiber-matrix bonding.

A comprehensive study is presented by Hoffmann [50]. He investigates material
properties of fiber reinforced silicone such as Young’s modulus, shear modulus,
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Poisson’s ratio, and stress distribution based on finite element modeling using a
unit cell approach. Non-linear models, the rule of mixture (RoM), and material
models according to Puck are considered and compared. In parameter studies on
fiber volume content, Poisson’s ratio, fiber angle, and matrix properties he showed
that for certain material parameters strong influences have to be expected for FREs.
Especially off-axis properties show a strong dependency on the Young’s modulus
of the matrix material. In fiber direction nearly no influences between composites
with very soft (1 MPa Young’s modulus) and rigid (3500 MPa Young’s modulus)
materials can be found (see Figure 2-12).

!"#$%&'#()*%+(',-./+/*''012,,34'

!"!#$%!&'()*
+,$-'".'/%01,2-

!"!#$%!&'()*
%!3-24'+"*
5,67

5()*%+('6#%77)(**'-7'/)%#'8(++ 5()*%+('6#%77)(**'-7'/)%#'8(++

5(
)*
%+(
',
-.
/+
/*
'&
9.
%$(
8#
%-
)

':
;
'*
#$"
%)
'01
2,
,
34
''

!"#$%&'#()*%+(',-./+/*''012,,34'

5(
)*
%+(
',
-.
/+
/*
'<
9.
%$(
8#
%-
)

':
;
'*
#$"
%)
'01
2,
,
34
''

89 :9

Figure 2-12 Influence of matrix stiffness on composite tensile properties based on a unit cell
approach: a) longitudinal, b) transversal [50]

Besides, he quantifies the influence of misalignment of fibers from unidirectional
direction. Noticeable is the strong difference between composites with rigid and soft
matrix. Misalignment of approximately 1° leads to a reduction of Young’s modulus
of 56 % at FRE. Conventional FRP show no significant reduction of tensile stiffness
in fiber direction due to these misalignments.

Hoffmann puts strong emphasis on the experimental validation of the proposed
material models. Based on optical strain measurement, he evaluates specimen ge-
ometry and the influence on material properties. Especially at off-axis specimens,
heterogeneous strain and stress states are identified making it difficult to give mean-
ingful values. He states that failure behavior of unidirectional specimens is domi-
nated by interfere fracture due to shear loads. Cohesive failure of the matrix and
/ or adhesive failure between matrix and fiber were identified as well as adhesion
failure between the load introduction tabs and the specimen. Fiber misalignment,
fiber waviness, and the heterogeneous character of the FRE with strong strain
peaks between adjacent fibers support this failure behavior.

Tensile test of high strain composite material developed by L’Garde can be found
by Mejia-Ariza and Guidanean [71] as well as Marqueda and Pellegrino [72] for the
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use in foldable space structures. To overcome the challenge of load introduction
at tensile specimens which were described by Mejia-Ariza and Guidanean, Mar-
queda and Pellegrino proposed the embedding of specimen ends into a rigid matrix
material. Specimen crushing due to high clamping forces is hindered.

!" #"

Figure 2-13 a) Stress-strain responds at compression tests with tubular specimens, b) stress-
strain responds of longitudinal tensile tests [72]

They succeed to determine longitudinal tensile strength up to 2500 MPa at uni-
directional reinforced specimens. Besides, in both studies compression tests were
performed. Flat and thin specimen lead to early buckling under the weight of the
test fixture. No reliable values could be determined by Mejia-Ariza. Marqueda and
Pellegrino used circular test specimens showing higher buckling resistance leading
to meaningful stress strain relations (see Figure 2-13 a)).

2.3 Integral fiber reinforced hinges

In 2008, Todoroki [73] introduced partial flexible composites in the framework of
a foldable glass fiber reinforced boat. For self-deployment he proposes an inte-
grated activation via shape memory alloy wires. Manufacturing of hinge specimens
is based on manual application of silicone matrix material using a brush. Single
layers are stacked and sequentially infused by polyester resin or epoxy resin. In
[73] Todoroki focused the investigation of glass fiber reinforced hinges. In [18] he
focused on carbon fiber reinforced partially flexible composites. In both studies
bending experiments, tensile tests, and cyclic bending experiments are conducted
to determine bending behavior of hinge setups with hinge lengths between 2 mm
and 5 mm, specimen thickness of approximately 1 mm, and specimen width of 40
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mm and 50 mm. As reinforcement material plain textile cloth, knitted materials,
and fiber mats are used.

For the presented hinges he identified limits of bending curvature between 0.2
mm−1 and 0.5 mm−1 showing nearly constant values throughout the different hinge
lengths for glass fiber reinforcements (see Figure 2-14 b)). Maximal bending an-
gles are determined by measuring electric resistance of the continuous reinforcing
fibers. Due to fiber breaking at elevated curvatures electrical resistance increases.
Curvature is determined based on the bending angle assuming constant curvature
within the flexible part. At 4 mm hinge length this curvature correlates to a max-
imum opening angle of 115°. At carbon fiber reinforced hinges a limit of curvature
of approximately 0.5 mm−1 is determined, correlating to a maximal bending angle
of 35° at specimens with 2 mm hinge length (see Figure 2-14).
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Figure 2-14 a) Partially flexible composite, b) influence of hinge width on curvature, c) influence
of partial flexibility on tensile strength, d) cyclic behavior on hinge failure [73][18]

Todoroki evaluates the influence of partially flexible areas (see Figure 2-14 a))
within the composite based on tensile test with regular GFRP and CFRP specimens
as well as specimens with a 10 mm flexible part. Results show that at carbon fiber
reinforced hinges tensile strength exceeds the strength of normal CFRP specimens
(see Figure 2-14 c)). Thus, the average values lay within the standard deviation.
At glass fibers reinforced specimens the local integration of silicone reduces tensile
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stiffness slightly. It can be seen that no significant weakening needs to be expected
when flexible matrix material is locally integrated into the rigid composite. Cyclic
bending tests show that fiber breakage occurs within the initial bending operations
especially at hinge specimens with small hinge lengths (see Figure 2-14 d)). Elevated
number of bending cycles lead to a slow increase in fiber breakage. Hinge specimens
with 10 mm hinge length show no failure up to 104 cycles. Todoroki states that the
initial bending cycle dominates the cyclic behavior. If hinge length is selected in
a way that no fiber breakage occurs in the first cycle no fatigue failure has to be
expected.

Besides Todoroki, bending investigations of FRE or compliant matrix composites
can be found in multiple publications [74][75][19][76][77]. Initially focusing on fiber
reinforced silicones in more recent years flexural properties at composites compris-
ing stiff and soft matrix regions are emphasized for the use in deployable space
structures [78][79][42].

Marqueda and Pellegrino [72] performed a 4 point bending test on FRE specimens
based on silicone matrix with 0.75 mm and 1.5 mm thickness leading to characteris-
tic bending moment - curvature relation. Linear respond to loading is followed by a
plateau and hysteretic behavior upon unloading (see Figure 2-15 a)). It is believed
that fiber microbuckling at the compression loaded areas lead to the plateau in
bending moment.

A comprehensive investigation of bending behavior of fiber reinforced silicones is
presented by Francisco López Jiménez [75]. His investigations focus on the bend-
ing characterization of unidirectional reinforced silicone since they show superior
weight specific failure curvatures. According to Francis [74] micro-buckling occurs
within compliant composites at high curvatures acting as a stress relief without
fiber breakage. It is shown that thin carbon fiber reinforced silicone can be folded
to bending angles of 180° without fiber breakage and severe damage. Specimens
are manufactured using a hand lamination process in combination with a vacuum
compaction process. This process leads to a heterogeneous fiber distribution and
varying FVC. Thus, distinct bending moment - curvature relation is determined for
three repeated cycles for curvatures between 0.22 mm−1 and 0.36 mm−1 (see Fig-
ure 2-15 b)). The free bending length is 4 mm. Specimens are 0.05 mm thick and
up to 15 mm wide. He points out the hysteresis effects between the loading and
un-loading of the specimens as well as the decrease in bending moment after the
initial cycles. He proposes the Mullins effect of the elastomer polymers as possible
reason.

Special emphasis is put to the post-buckling behavior of hinge elements since strong
losses in stiffness can be expected. Karl [79] experimentally investigates pre- and
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Figure 2-15 Hinge bending: a) 4 point bending [72], b) repeated loading to increasing curvatures
[75]

post-buckling behavior as well as long time storage behavior of thin hinge elements
(0.5 mm) based on woven carbon fabrics and silicone matrix material. Bending
angles of 90° and 180° are evaluated. He states that due to local integration of
silicone matrix material bending stiffness can be reduced around 40 %. Bending
stiffness at post-buckling cycles depends on the initial bending angle. FVC plays a
decisive role for bending stiffness since specimen thickness is directly correlated to
this value. As first author, Karl determines normalized bending stiffness considering
geometric dimensions of the different hinge specimens making it possible to compare
different hinge setups.



3 Hybrid-matrix processing
The integration of multiple matrix materials in a single composite part with the
accompanying advantages regarding functionality and performance represent an
important research step of advanced composite technology. Regarding this circum-
stance, challenges and technology gaps exist in manufacturing processes based on
liquid composites molding technology. To answer the fundamental research ques-
tions regarding the manufacturing of HyMa composites based on industrial relevant
processes, the presented study aims at the development and investigation of injec-
tion processes, which enable the defined integration of different matrix materials
into one preform with an out-of-plane separation line (see Figure 3-3). Based on
derived process considerations and requirements, a promising process concept for
HyMa resin transfer molding (HyMa RTM) is identified and analytically, simu-
latively, and experimentally validated. In Figure 3-1 the outline of chapter 3 is
displayed.
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Figure 3-1 Overview of research activities in chapter 3

3.1 Hybrid-matrix process: Considerations and
requirements

No common definition or terminology can be found in the literature on integral
composite parts comprising different matrix materials. A common definition is hin-

31
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dered by the huge variety of manufacturing processes for FRP and their inherent
character. It is the intention to establish a common definition including these char-
acteristics. Therefore, a lead criterion and three sub-criteria are defined. As soon
as the lead criterion and one sub-criterion is fulfilled, the term HyMa composite
can be applied.

• Lead criterion:

The term HyMa composite comprises fiber reinforced polymers with at least
two matrix materials within one integral fiber reinforced structure. Clear
differentiation regarding mechanical, chemical, or thermal properties of the
matrix materials is presumed.

• Sub-criteria:

(1) The inherent character of hybrid-matrix composites in terms of man-
ufacturing foresees in-situ processes with co-curing of the different matrix
components. The final curing, consolidation, and formation of the composite
material need to take place in a single process step. This definition explic-
itly excludes composite structures where pre-cured elements are sequentially
joining as it is the case with bonding or co-bonding processes [80][34].

(2) A continuous fiber reinforcement exists throughout the matrix interphase.

(3) The matrix interphase lies within a single reinforcement layer.

3.1.1 Process requirements and possibilities

Composite manufacturing technologies offer a wide range of process chains, leading
to finish CFRP structures (see Figure 3-2). Direct manufacturing processes for three
dimensional parts such as winding and pultusion exist besides sequential processes
where pre-impregnated thermoset or thermoplastic is used as semi-finished product.
Besides, liquid composite processes can be found where dry fiber preforms are
brought into net-shaped contour, impregnated by resin and cured. In conventional
applications a suitable process chain has to be identified for individual composite
structures based on production speed, number of production units, costs, size,
shape, and raw material [81].

It is the ambition to develop a HyMa manufacturing process based on existing
technologies with a broad spectrum of applicability. Realization of HyMa composite
structures should neither be limited by shape or raw material constrains nor by the
number of production units. The basic idea of the HyMa approach is to enhance
the overall performance by introducing optimal materials into the optimal location.
Constraining the matrix material selection by commercial availability (i.e. pre-



Hybrid-matrix processing 33

impregnated materials) or manufacturing particularities significantly reduces the
technological exploitation.
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Figure 3-2 Technology map: Manufacturing process chain2

It is found that especially sequential manufacturing technologies based on dry fiber
material and liquid matrix impregnation represent a promising process chain. Liq-
uid composite molding processes are used for non-structural, semi- or structural
components with a large spectrum of production units from single prototype appli-
cation to > 100,000 parts per year [82]. The decisive advantages of liquid composite
moldig (LCM) processes are the use of pre-formed dry fiber reinforcements and the
sub-sequential impregnation by liquid resin [83]. This circumstance allows absolute
flexibility in structural design regarding material selection and combination. Two or
three dimensional textile reinforcements, non crimp fabrics, local reinforcements,
hybrid textiles, or knitted reinforcements can be combined with various matrix
materials such as epoxy, polyester, vinyl ester, phenolic resin, or polyurethanes.
The separated consideration and versatility of the components support the basic
idea of the HyMa approach to combine different materials into a superior compos-
ite structure. Besides, LCM processes represent a well established manufacturing
technology, which is used in every important industrial sector such as automotive,
aviation, energy, as well as sports and leisure. They provide the opportunity for a
high structural complexity, a high part quality, a high degree of automation and
a high number of production units [84][81]. LCM processes such as resin infusion
with flexible tooling (RIFT) can be found on amateur level as well as at advanced
structural composite components. In the latter case, qualified materials and equip-

2Taken from the lecture: Production Technologies for Composite Parts (SS2016), Technical
University of Munich, Department of Mechanical Engineering, Chair of Carbon Composites,
Prof. Dr. Klaus Drechsler
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ment are used for aerospace or aviation applications. An enormous user group is
addressed by this manufacturing process. A comparable situation can be found
with resin transfer molding (RTM) processes. They represent the state of the art
technology for the highly automated serial production of complex shell- and hollow
composite components and allow the realization of a wide spectrum of components
[85]. Thus, it is believed that LCM processes represent the optimal process chain
for HyMa composites. In the presented study the focus is put on HyMa processes
based on closed mold RTM processes. Process concepts and investigations for HyMa
RIFT processes conducted by the author can be found in [86].

Regarding RTM processes, fundamental process requirements can be found:

• Process time

• Process costs

• Composite quality (fiber align-
ment, void content, thickness de-
viation, etc.)

• Reproducibility

• Geometric complexity

• Degree of automation

• Surface quality

• Process flexibility

They ensure essential part quality and represent the basic level of process properties
(when specified), manufacturing processes, and concepts needs to fulfill.

In the framework of IFRH a HyMa process needs to be developed based on LCM
processes which enable the defined integration of multiple resin systems into one
continuous fiber reinforced composite part with an out-of plane matrix transition
line (see Figure 3-3).

!"#$%&'(

!"#$%&')

*$"+,%#%-+'"$."

/0#1-2134"+.'#$"+,%#%-+'4%+.

Figure 3-3 HyMa composite with out-of-plane transition line

This transition line describes the course where the different matrix materials meet
to form an interphase. Hence, the HyMa process is subject to certain requirements
which can be derived from process considerations and the inherent characteristics:
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• Defined transition line

• Defined transition area

• Complex transition line (curved in
3 dimensions)

• No impact on continuous fiber
course

• No cause of defects [87] (voids, ma-
trix cure, fiber distribution, fiber
waviness, fiber orientation)

• Design flexibility (fiber type, fabric
type, matrix type, reinforcement
architecture, fiber volume content,
etc.)

• Simple process control

The first two requirements are directly correlated to the functional fulfillment and
the reproducibility of the HyMa processes. It needs to be guaranteed that a pre-
defined transition line and transition area is repeatedly established within defined
tolerances. This leads to robust manufacturing processes following costs and quality
targets.

HyMa processes should not be limited to simple part geometries. A three-dimensional
course of transition lines needs to be established to follow the idea of optimized
component design with an integral character and high geometric complexity.

Necessary process modifications are not supposed to cause defects at the composite
such as increased void contents, fiber disturbance, or waviness. Enhanced compo-
nent functionality by the HyMa approach should not lead to a trade-of in composite
quality and mechanical performance. That includes the structural design based on
the material selection and continuous fiber course.

Besides, it is aspired to keep the necessary process control in a reasonable range.
The integration of multiple resin systems with individual properties requires mul-
tiple inlet and outlet ports in combination with multiple injection and infusion
devices. This leads to an increased number of process parameters which need to
be controlled during preform filling. However, it is the aim to identify process con-
cepts with a low demand of active process control involving sensor technology and
electronic control technology.

Certainly, HyMa processes are supposed to be established as an adequate technol-
ogy with a minimum of process constrains and a maximum of applicability.

3.1.2 Technological preconditions of LCM processes

The process steps in LCM processes consist of preform insertion, mold closing or
vacuum bagging, resin injection or infusion, curing and demolding. Regarding the
HyMa process, two different process strategies exist for the integration of two ma-
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trix materials (i.e. sequentially or simultaneously). They differ in the resin insertion
step and the curing step. Figure 3-4 and Figure 3-5 give a schematic description
of the process steps which are necessary to integrate different matrix systems (i.e.
Matrix A, Matrix B) into one preform.

Matrix A 

Matrix B

Matrix A 

Matrix B

Matrix A 

Matrix B

Matrix A 

Matrix B

Pre-defined 
transition line

a) b)

c) d)

Figure 3-4 Sequential matrix processing: a) Matrix A is injected/infused, b) Matrix A is cured,
c) Matrix B is injected/infused, d) Matrix B is cured

The sequential processing is characterized by the consecutive impregnation and

Matrix A 

Matrix B

Matrix A 

Matrix B

Matrix A 

Matrix B

Matrix A 

Matrix B

Pre-defined 
transition line

Transition area

a) b)

c) d)

Figure 3-5 Simultaneous matrix processing: a)-c) Matrix A and Matrix B are co-injected/-
infused, d) Matrix A and Matrix B are co-cured

curing of the different matrix materials. Matrix B is infused or injected (see Figure
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3-4 3)) after matrix A was injected and has fully cured (see Figure 3-4 1)-2)). In the
simultaneous HyMa process the two matrix materials are co-infused or co-injected
into the preform (see Figure 3-5 1)-3)) and are simultaneously cured (i.e. co-curing)
(see Figure 3-5 4)).

Common for both variants is the fact that depending on the inlet concept and the
complexity of the transition line flow fronts reach the transition line at different
points of time. This means that flow front distribution (i.e. flow front velocity)
needs to be controlled at these locations within the preform to allow the continuous
alignment of the flow front along the pre-defined transition line.

Thus, in the sequential process the HyMa concept must guarantee that during the
impregnation and during curing of matrix A no ongoing flow front distribution
takes place beyond the transition line. When matrix A is cured, matrix B adapts
to the existing transition line defined by the solid matrix A at the subsequent
impregnation. An explicit boundary between the two materials is created since
during contact one system is in solid state and one in liquid state.

At the simultaneous process both resin flow fronts need to be controlled and aligned
at the transition line. It is assumed that mixing of the two matrix material takes
place since they are in liquid state. This means that a continuous transition area
is created. In general, following differences and properties are assumed (see Table
3-1):

Table 3-1 Properties of sequential and simultaneous processing

sequential simultaneous
Process time: ttot. = tinA.+tcuA.+tinB.+tcuB. ttot.= tinAB.+tcuAB.

Contact properties: solid state / liquid state liquid state / liquid state
Material transition: explicit continuous

Regarding the total process time (ttot.), the co-infusion and co-injection processes
have a clear advantage. The total process time for injection and curing is given
by the respective longest injection time (tinAB.) as well as the longest curing time
(tcuAB.) of matrix A or matrix B.

In both cases, flow fronts are supposed to adapt to pre-defined transition line ge-
ometries without going beyond. Thus, flow front distribution needs to be controlled
locally. A comprehensive understanding of the LCM process parameters and the
theoretical aspects of flow processes within porous media is crucial for the devel-
opment of promising HyMa process concepts. Figure 3-6 gives an overview of the
existing sources and process parameters in LCM processes as well as their depen-
dencies [88].
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Figure 3-6 Independent and dependent process parameter at LCM processes

The process parameter can be divided into the independent variables which are set
by material selection, process and component design, and dependent parameter.
According to Gutowski [88] permeability and viscosity play a decisive role since they
show a strong dependency regarding the independent parameters. Both parameters
are part of Darcy’s Law. It is the central description of flow processes of fluids in
porous media. The flow front velocity for a one-dimensional closed mold injection
process can be described as the following [89]:

vx = −Keff

η
· Pi − Pff

∆x
(3-1)

vx Flow front velocity
Keff Effective Permeability
η Viscosity (time, temperature dependent)
Pi Pressure at inlet
Pff Pressure at flow front
∆x Distance flow front - inlet

Darcy’s Law in combination with the dependencies of the existing process param-
eter represent the solution space where suitable HyMa process concepts can be
developed for the control of flow front velocity. Thus, two working principles can
be identified as having a mayor influence on the local modification of flow front
distribution.

• Local increase in viscosity
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• Local reduction of permeability

3.2 Hybrid-matrix RTM process concepts

Derived from the initial process considerations and requirements, promising work-
ing principles and HyMa RTM process concepts are presented. They focus on the
control of flow front distribution by manipulating flow front velocity by either local
increase in viscosity or local reduction of permeability.

3.2.1 Local increase in viscosity

Local heat introduction

Viscosity of reactive polymer systems is a time as well as a temperature dependent
parameter. A possible solution to reduce the flow front velocity at certain locations
is by local introduction of heat. Hereby, the curing reaction is accelerated, leading
to an increase in viscosity. Specific resin systems can be found at industrial appli-
cations showing strong temperature sensitivity. So called "snap-cure" resin systems
show a low viscosity and a sudden curing reaction triggered by mold temperature
[88]. Snap-curing effects could be used to locally increase the viscosity, leading to
a reduction in flow front velocity. It is believed that this concept can easily be
realized since internal mold heating is state of the art. Challenges are expected at
the defined integration of heat without losses by thermal conductivity of the mold
material, leading to a successive expansion of heated areas. In addition, a local
temperature related mold deformation might lead to process induced defects such
as geometrical deviation.

This concept seems suitable for the sequential matrix integration. At a simultane-
ous infusion or injection, the flow fronts approach each other while the viscosities
increase. It is believed that strong void inclusion at the converging areas exists,
due to reduced flow ability.

Local UV-curing

A solution to locally increase viscosity is the application of light-activated resin
systems. These resins (e.g. ultraviolet curing systems) cure when they are irradiated
by a certain light spectrum. Characteristics are low curing times and high energy
efficency [90]. They are commonly used as adhesives in FRP repair solutions applied
to concrete components [91][92].
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Related to a HyMa RTM process, local UV radiation at light-activated resin would
lead to local curing and viscosity increase. Certainly, material selection is restricted
to light-activated resin systems and glass fiber reinforcement, since carbon fibers
are non-UV transparent [92].

Magnetorheological or electrorheological fluids

Magnetorheolocial (MR) and electrorheolocial (ER) fluids belong to the group of
"smart materials" due to their ability to change rheological properties (i.e. viscosity
and shear modulus) when exposed to an external electric or magnet field [93][94].
Both principles allow the continuous control of the viscosity from liquid-like state
to semi- / solid-like state in a reversible manner within milliseconds [95][96]. In
ER fluids polarizable particles within a dispersion orientate themselves along the
electronic field lines when an external field is applied [96]. Hereby, viscosity is in-
creased. In MR fluids ferromagnetic particles or magnetizable particles within a
carrier fluid build agglomerations or networks within a magnetic field, which leads
to an increase in viscosity. Ashtiani et al. [95] give a comprehensive overview on
materials, preparation, applications, and particle size. According to his review av-
erage particle size lies between 0.5 µm and 30 µm. In relation to a HyMa RTM
process, especially the MR approach represents a possible solution since a locally
applied magnetic field might lead to controllable viscosity of particle enhanced
resin systems at a defined transition lines within the composite. In comparison to
the ER fluids, MR fluids obviously have no significant requirements regarding the
carrier fluids so that an application in reactive resin systems seems possible. Resin
systems can be enriched with ferromagnetic or magnetizable particles comparable
to common filler materials. Drawbacks can be found in deposition and filtration
of particles within the preform during injection / infiltration processes which were
experimentally investigated by Norlund et al. [97]. Particles with sizes of approx-
imately 4.5 µm and 10 µm showed extensive filtration and deposition within and
between fiber bundles. For an application at HyMa RTM processes a homogeneous
distribution during the flow front propagation needs to be guaranteed to enable a
uniform modification of viscosity at the transition area. Besides, particles are not
supposed to influence the mechanical performance of the composite in a negative
way.
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3.2.2 Local reduction of permeability

Local increase of fiber volume content: Additional layer

As shown in Figure 3-1, permeability depends on reinforcement material, design as
well as the fiber volume content (FVC). In several studies the effect of FVC of textile
reinforcements on preform permeability has been investigated[98][99][100][101]. It
is found that exponential dependency can be identified. The higher the FVC the
lower the prevailing permeability of the preform.

In relation to the HyMa RTM process preform permeability might be locally in-
creased at closed mold processes (RTM) with continuous cavity thickness by a local
increase in number of layers or integration of reinforcement material at the tran-
sition line. Flow front velocity would locally be reduced, leading to a process time
window for both matrix materials to converge. Drawback of this concept is the
non-reversible increase in FVC. It is accompanied by local deviation of mechanical
properties (e.g. stiffness, strength, etc.).

Local increase in fiber volume content: Local reversible over-compaction

A suitable process concept for the local reduction of the flow front velocity repre-
sents the local reversible over-compaction of the preform. Körber and Walbran [98]
experimentally investigated the dependency between permeability of reinforcement
materials and FVC as well as the relation between FVC and compaction stress.
Figure 3-7 and Figure 3-8 display their experimental results for a woven carbon
fiber reinforcement.
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In the presented experiments compaction is the result of reduction of gap thickness
between the two rigid mold plates. It can be seen that compaction pressure and
FVC correlate in an exponential relation. The higher the compaction forces the
higher the resulting FVC and finally the permeability.

Transferred to a HyMa RTM process local over-compaction and local increase of
FVC can be used to locally reduce the permeability in the preform. This results
in local reduction of flow front velocity in a defined manner. Certainly, the local
reduction in cavity thickness and fiber bed over-compaction need to be realized
reversibly. Residual deformation of the composite part, local deviation of the fiber
course, and local variation of material properties due to local thickness deviation
are not desired.

Mass flow branch-off

Resin flow in permeable fiber reinforcements can be compared to electricity. Fluids
flow along the path with the lowest resistance. A possibility to control flow behavior
is the local integration of high-porosity media into the setup. The concept is based
on the idea to branch-off or redirect the resin flow at defined locations into elements
which are not part of the composite structure. This concept might be used to re-
direct the resin flow into a high porosity medium outside of the preform to reduce
the flow front velocity inside the preform.

In relation to a closed mold HyMa RTM process the high-porosity media needs to
be integrated into the tooling. Residual material is not desired within the composite
part.

3.2.3 Assessment and selection of a suitable hybrid-matrix
RTM process concept

The assessment and the selection of a suitable HyMa RTM process concept is based
on expert3 opinion. In the framework of an expert workshop, the existent HyMa
RTM process concepts are introduced to three experts. The experts were asked
to assess the process concepts regarding the fulfillment of the identified process
requirements (Chapter 3.1.1) and general practicability. Each expert rated the dif-
ferent HyMa RTM process concepts according to the degree of fulfillment of the
HyMa process requirements (1, 3 and 9 points). The higher the degree of fulfill-
ment the higher the number points given. In Figure 3-9 the results of the expert

3Research associates, Technical University of Munich, Department of Mechanical Engineering,
Chair of Carbon Composites, 2013
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assessment can be seen. The diagram shows the sum of all given points by the three
experts.
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Figure 3-9 Expert assessment of the identified HyMa RTM process concepts

As it can be seen the HyMa RTM process concept based on local, reversible preform
over-compaction is found most promising for the realization. It is stated that the
main advantage can be found at the design flexibility allowing the utilization of
various fiber reinforcement materials and matrix systems. The local, reversible
over-compaction process concept is selected for ongoing investigations.

3.3 Evaluation of the local reversible
over-compaction process concept

The local reversible over-compaction represents a potential process solution for
the local reduction in flow front velocity and modification of flow front geometry.
Functional realization is based on the following requirements the compaction device
needs to fulfill:

• Complex transition line (3 dimen-
sions)

• Re-usability

• Over-compaction pressure > Injec-
tion pressure

• Constant over-compaction stress
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Two possible variants are identified which are capable of local reversible over-
compaction within an RTM tooling. In variant 1 a solid stamp can be moved
relative to the mold surface to compact the preform (see Figure 3-10). Stamp pres-
sure and over-compaction can be controlled by the actuation force. The stamp is
sealed to avoid matrix flow in between the gaps. The stamp disappears even into
the tooling. The local additional compaction of the preform is removed. This leads
to a continuous surface and part thickness.
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Figure 3-10 Reversible over-compaction with solid stamp

Advantages of this concept can be found at the material similarity regarding ther-
mal expansion as well as tolerances. Stamp life is expected to be comparable to the
rest of the tooling.

Disadvantages are assumed regarding complex composite parts with a three-dimensional
contour. In the tooling the continuous solid stamp can only be moved translational.
The over-compaction pressure varies depending on the actuation angle which is
given by the angle between the preform and the translational movement (see Fig-
ure 3-10). Over-compaction force and the resulting compaction pressure is reduced
at areas where the part geometry is not perpendicular to the actuation direction
of the stamp. This leads to undesired deviations in compaction thickness of the
preform. Besides, in-plane forces are introduced into the preform which can lead
to ply slippage and preform deformation having a negative influence on the infil-
tration behavior. The procedural path of the stamp is the same at every location
at the cavity. Compaction forces vary if different part thicknesses exist. The re-
alization of constant over-compaction pressures at areas with thickness variation
can only be established by different stamp elements within one tooling. This will
lead to complex tooling and sealing systems. Certainly, tooling costs are expected
to be comparatively high due to the increased number of parts and the necessary
actuation systems.

In variant 2 the local reversible over-compaction is realized by an inflatable, flexi-
ble compaction device which is integrated into one tool half (see Figure 3-11). By
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applying pneumatic or hydraulic pressure inside the flexible device an elastic defor-
mation is caused, leading to a constant compaction pressure locally at the preform
within the cavity. Compaction pressure can be controlled via the inner pressure of
the device. The solid core element allows geometric compression stability when the
device is not pressurized and inner mold pressure is applied.
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Figure 3-11 Reversible over-compaction with flexible compaction device

Advantages of this solution are the self-sealing character as well as the constant
compaction pressure independent of mold geometry, preform thickness, and thick-
ness variations. The inner pressurization and the flexible character lead to perpen-
dicular compaction forces at complex transition geometries. To realize a composite
part with no deviation in thickness it must be guaranteed that the flexible device
can be deflated, leading to a continuous mold surface and gap free transition.

In Figure 3-12 the general HyMa RTM process concept can be seen. Prior to
the injections of the different resin systems the compaction device is pressurized
(see Figure 3-12 b). The preform is locally over-compacted. Compaction pressure
(pcompaction) needs to be higher than the mold pressure (pmold). During injection,
the flow fronts can approach the transition area in a defined manner (see Figure
3-12 c)). After the two flow fronts have converged and merged the pressure at the
compaction device is released (see Figure 3-12 d)). The elastic properties of the
material as well as the inner pressure in the mold lead to a recovery of the com-
paction device. This needs to take place before the gel points of the resin system
are reached. Re-filling of the originated cavity beneath the compaction device has
to be established.
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Figure 3-12 HyMa RTM process concepts and single process steps: a) closed mold without local
over-compacted preform, b) over-compacted preform during injection, c) merged
and mixed flow fronts, c) deflated compaction device and fiber bed relaxation

3.4 Analytic model for flow front prediction at the
local reversible over-compaction process concept

To support experimental investigations and the evaluation of flow behavior at the
HyMa RTM process using the local reversible over-compaction concept, an analytic
model is developed. It allows the prediction of a flow front velocity profile depending
on the flow front position within the preform. Initial process design is supported
by estimating time dependent flow front positions and by predicting the process
window for both matrix flow fronts to converge. Dependencies between the process
parameter such as FVC, inlet, outlet location, compaction device location and
compaction pressure can be identified reducing experimental effort. A sustainable
process understanding is generated.

In the following the term un-compacted refers to the area of the preform which is
not over-compacted within the tooling. These preform areas undergo regular com-
paction according to the desired FVC or part thickness. The term compacted refers
to the preform area which is over-compacted by means of the flexible compaction
device.
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At the HyMa RTM process a series connection of permeability in combination with
different cross-section areas exist. In Figure 3-13 the simplified one-dimensional
conditions at the HyMa RTM process can be seen.
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Figure 3-13 HyMa RTM process conditions

Qx1 Volume flow rate un-compacted area
Qx2 Volume flow rate compacted area
A1 Cross-section area un-compacted
A2 Cross-section area compacted
xff Flow front position
pcompaction Compaction pressure
pinj Injection pressure
∆puc Pressure drop un-compacted area
∆pc Pressure drop compaction area
pff Pressure at flow front
luc Un-compacted length
lc Compacted length
Kx1 Permeability x-direction un-compacted area
Kx2 Permeability x-direction compacted area
vff (xff ) Flow front velocity dependent on flow front position
Vf1 Fiber volume content un-compacted
Vf2 Fiber volume content compacted

Two different flow conditions can be identified for the prediction of flow front
propagation within the heterogeneous preform. The first flow condition is the flow
through the un-compacted part of the preform. In this un-compacted section with
the length luc, the cross-section area A1, the permeability in x-direction for un-
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compacted area Kx1 and the FVC Vf1, a volume flow rate Qx1 exists. In the second
section where the preform is compacted, the flow through the preform is char-
acterized by the following boundary conditions: compacted cross-section area A2,
permeability in x-direction Kx2, FVC Vf2 and a volume flow rate for the compacted
area Qx2.

It is believed that due to the sudden reduction of permeability a stagnation pressure
within the injection fluid builds up at the transition between the un-compacted and
compacted area. This stagnation pressure serves as injection pressure at the second
flow condition.

Flow front propagation of the first condition can be analytically expressed by
Darcy’s Law for unsaturated flow. For the second condition, when the flow front
reaches the compaction area, the one-dimensional expression of Darcy’s Law for
flow through media with constant permeability needs to be adjusted to the follow-
ing conditions:

• Series connection of permeability

• Variation in cross-section area

• Un-saturated flow

• Compaction pressure related permeability, cross-section area and fiber volume
content

Di Fratta [99] presented an analytic description in 2015 correlating with an ap-
proach by Chae et al. [102] for the determination of an equivalent permeability at
a serial connection of different permeability zones in a single unsaturated injection
experiment. The calculation of the equivalent permeability is determined based on
the prediction of the equivalent electrical resistance of a series circuit.

!"#$

Figure 3-14 Sketch of a preform with different permeability zones along the flow direction (x-
axis) with a constant cross section [99]
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l1 Preform length zone 1
l2 Preform length zone 2
li Preform length zone i
xin Position inlet
xout Position outlet
L Equivalent length
Keq Equivalent permeability
W Preform width
K1 Permeability zone 1
K2 Permeability zone 2
Ki Permeability zone i

Based on his assumptions and the volume flow rate (Q) related Darcy’s Law (Equa-
tion (3-2)) a relation between an equivalent permeability (Keq) and the local per-
meability of the individual zones of the preform (K1 to Ki) and their length (l1
to li) can be derived for the setup presented in Figure 3-14 with a constant cross
section area (A).

Q = −AKeq

L
· ∆Pt

η
(3-2)

According to the conservation of volume flow rate, the volume flow rate in every
single preform zone is constant (Equation 3-3). Since the overall pressure difference
(∆pt) can be described as the sum of the individual pressure differences in each
zone (∆p1, ∆p2, ∆pi) (Equation 3-4), Darcy’s Law can be adapted to the multiple
preform zones (Equation 3-5). [99]

Q = Q1 = Q2 = ... = Qi (3-3)

∆pt = ∆p1 + ∆p2 + ... =
�

i
∆pi (3-4)

QηL

AKeq

= Q1ηl1
AK1

+ Q2ηl2
AK2

+ ... + Qiηli
AKi

(3-5)

This equation can be reduced to:

L

Keq

= l1
K2

+ l2
K2

+ ... + li
Ki

(3-6)

Thus, the equivalent permeability Keq is dependent on the flow length within the
individual zones as well as their permeability.
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In terms of the HyMa RTM process this approach can be used to predict the
flow front velocity within the compacted preform. Based on the conservation of
volume flow rate (Equation (3-7)) as well as the pressure dependency (Equation
(3-8)) within the two areas, the following equation can be derived considering the
differences in cross-section area.

Qx1 = Qx2 (3-7)

∆pt = ∆puc + ∆pc (3-8)

xff

KeqA2
= lun

Kx1A1
+ xff − lun

Kx2A2
(3-9)

KeqA2
xff

= ( lun

Kx1A1
+ xff − lun

Kx2A2
)−1 (3-10)

With the supplementation of the pressure gradient between the injection pressure
and the pressure at the flow front as well as the viscosity of the liquid media
an expression can be derived giving the volume flow rate at the compacted area
dependent on flow front position (Equation (3-11)).

Qx2(xff ) = −( lun

Kx1A1
+ xff − lun

Kx2A2
)−1 · 1

η
· (Pff − Pinj) (3-11)

With the correlation given by Darcy’s Law for the flow front velocity (Equation
(3-12)) and the dependency between the cross-section area and FVC (Equation
(3-13)), under the assumption of constant preform design (number of layers (n),
areal density (AF ) and fiber density (ρfiber)), the previous expression (Equation
(3-11)) can be enriched to give the flow front velocity within the compacted area
(Equation (3-15)).

v2(xff ) = Q2(xff )
A2(1 − Vf2)

(3-12)

Vfi = AF · n

ρfiber · Ai

(3-13)

A2 = A1 · Vf1
Vf2

(3-14)
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v2(xff ) = − Vf2
A1Vf1(1 − Vf2)

· ( l1
Kx1A1

+ (xff − l1) · Vf2
Kx2A1Vf1

)−1 · 1
η

· (Pff − Pinj) (3-15)

v1(xff ) = −Kx1
η

· Pff − Pinj

xff

(3-16)

With Equation (3-16) valid for xff < luc and Equation (3-15) valid for luc < xff

< lc the flow front velocity depending on the flow front position within the un-
compacted and compacted area can be predicted.

Additionally, the relation between compaction stress, FVC, and permeability can be
considered if empirical material data equivalent to the experimental investigations
of Walbran and Körber [98] (see Figure 3-7 and Figure 3-8) is available.

3.5 Experimental pre-assessment of the
hybrid-matrix RTM process concept

The experimental pre-assessment of the HyMa RTM process follows three objec-
tives:

• Investigation of the influence of the compaction device

• Validation of the analytic model

• Validation of the HyMa RTM process concept (modification of flow front
velocity and flow front geometry)

The experimental investigation foresees the analysis of compaction stress at the
compacted area dependent from inner pressurization of the compaction device. For
the assessment a transparent experimental tooling is developed and manufactured
including the inflatable compaction device. The investigation of the compaction
device is based on the pressure mapping systems I-Scan® (Figure 3-19 and Figure
3-20) which is used to analyze the compaction stress and its distribution at the
compacted area depending on the inner pressurization of the compaction device.
Saturated and un-saturated filling experiments with a single matrix material are
conducted to characterize the influence of compaction stress to validate the analytic
model developed in the previous chapter and to validate the general concept idea.
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3.5.1 Experimental tooling

The experimental tooling consists of two flat mold halves and a frame predetermin-
ing the cavity height. Circumferential sealing grooves at the upper and the lower
tooling ensure the sealing towards the cavity frame. The three parts can be bolt
together allowing the use without a press. The tooling offers test plate dimensions
of 424 mm x 200 mm with varying thickness. To allow the optical analysis of the
flow front propagation transparent (polycarbonate and glass) and in-transparent
(steel) tooling materials are used. At the polycarbonate mold half a groove is fore-
seen for the integration of the compaction device. It has a dimension of 216 mm x
24.5 mm x 15 mm (length x width x depth) (see Figure 3-15).
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Figure 3-15 Transparent tooling with groove
for the compaction device
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Figure 3-16 Cross-section of tooling half with
compaction device
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Figure 3-17 Inflated compaction device Figure 3-18 Closed experimental tool

The compaction device is cast into the groove (see Figure 3-16). Silicone elastomeric
casting material is used to allow for high flexibility during inflation. The applica-
tion of silicone offers additional advantages regarding the release capability from
the composite part as well as from the solid core material. As silicone material
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ELASTOSIL® RT 625 A/B (Wacker Chemie AG, München) with a shore hard-
ness of A25 and an elongation at break of 600 % is used [103]. The surfaces of the
groove is pre-treated with the primer solution WACKER® G 720 (Wacker Chemie
AG, München) to reduce the risk of de-bonding from the polycarbonate tooling.

To generate geometric stability when the compaction device is not pressurized a
solid core is implemented. Its dimensions is 196 mm x 15 mm x 2 mm (length x width
x hight). The core is in contact with the pressure connection. The compaction device
can be inflated, leading to a uniform deformation towards the cavity (see Figure
3-17). In Figure 3-18 the experimental tooling including a preform is displayed.

3.5.2 Investigation of the influence of the compaction device

The resin flow behavior within the preform at the over-compacted area is dependent
on the relation between applied inner pressure and resulting compaction stress
within the preform. The characteristic of the compaction device and its deformation
behavior determines the permeability distribution in the over-compacted area. It is
believed that the inherent heterogeneous structure of the dry preform leads to the
heterogeneous distribution of compaction stress. Variations in compaction stress
might lead to undesired flow front distributions effecting the course and tolerance
of the transition area as well as the quality regarding void content. Therefore,
an I-Scan® sensor by Tekscan® is integrated into the experimental tooling for the
measurement of compaction stress and its distribution at the preform [104].

The I-Scan® sensor system measures and processes variations in electric resistance
at the sensor at multiple gauges caused by compression forces in real time (5lag
time). Based on this data, the I-Scan® system generates a large scale pressure map
(see Figure 3-19).

The applied sensor offers a measurement area of 110 mm x 110 mm with 1936
gauges (44 x 44) resulting in a measurement matrix with a 2.45 mm distance in the
x- and y-direction between the single gauges. The sensor has a measurement range
between 10 kPa and 1020 kPa with an accuracy of ± 5 %. Prior to the tests the
sensor system is calibrated based on the manufacturer’s guidelines at calibration
pressures of 150 kPa and 600 kPa.

Figure 3-20 shows the experimental setup. The preform is placed centrally between
the sensor and the compaction device. The preform dimensions are 110 mm by
110 mm with a ply orientation of 0/90°. To enable the data acquisition the sensor
is led through the experimental tooling. Sealing tape is applied along both sides
of the preform in the flow direction (x-direction) to prevent uncontrollable flow
around the preform during the injection experiments.
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Figure 3-19 I-Scan® System with flexible sen-
sor, data acquisition, software, and
example of pressure mapping [104]
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Figure 3-20 Measuring setup with I-Scan® sen-
sor and preform placed on it (open
tooling)

A cavity frame of 2 mm is used for the characterization of the compaction device.
As stated by Walbran and Körber [98] the compaction stress at dry fiber beds shows
no significant dependency on the number of layers. Hence, an application orientated
approach is chosen. As preform material 5 layers of satin weave HexForce® G0926
[105] are stacked in 0/90° (warp/weft) orientation along the x- and y-axis without
specific attention to nesting, leading to a nominal FVC of approximately 51.9 %.

Compaction pressure within the compaction device is increased gradually from
1 bar to 6 bar. Every pressure level is held for 120 s. This step-wise approach is
choosen to respond to the time dependent visco-elastic compression behavior of dry
composite preforms. Strong relaxation effects and a decrease of compaction or mold
closing forces have been identified after reaching constant FVC or after mold closing
[98] [106]. In comparison to the existing investigations on fiber bed compaction,
where FVC is constant, compaction pressure is kept constant (e.g. inner pressure
of compaction device). It is assumed that a time dependent compaction behavior
occurs in this case as well and a 120 s dwell time allows for sufficient fiber bed
relaxation.

Regarding the visco-elastic behavior of the silicone compaction device, it is believed
that the influence of visco-elastic effects (i.e. creep) does not lead to a variation
in compaction stress during the process or repeated process cycles. The necessary
reduction of preform thickness is low, since high fiber volume contents are aspired
in general. The compacted preform generates a counter pressure which prevents
the excessive expansion of the compaction device.
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In Figure 3-21 to Figure 3-23 the typical relation between compaction pressure
applied to the compaction device and the compaction stress distribution at the
preform is presented.

Figure 3-21 1 bar: Compaction stress distribu-
tion

Figure 3-22 3 bar: Compaction stress distribu-
tion

Figure 3-23 6 bar: Compaction stress distribu-
tion
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Figure 3-24 Correlation compaction pressure
and compaction stress

0 20 40 60 80 100
0

200

400

600

800

1000

 1 bar
 2 bar
 3 bar
 4 bar
 5 bar
 6 bar

av
e.

 C
om

pa
ct

io
n 

st
re

ss
 [k

P
a]

X [mm]

Figure 3-25 ave. Compaction stress along x-
axis
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The 3D plots give insight into the global compaction stress distribution. The sig-
nificant increase in compaction stress at the compaction element can clearly be
identified comparing the general stress levels at the three different pressure values.
Steep slopes in compaction stress exist where the compaction device is located.
Compaction stress at the compaction area shows a heterogeneous character. Strong
stress peaks along the y-axis can be seen at pressure levels above 1 bar. Stress peaks
at 6 bar compaction pressure reach up to 1020 kPa which represents the limit of
the sensor system.

The heterogeneous character can also be seen in Figure 3-26 and Figure 3-25 at
the average compaction stress along the x- and y-axis for the different pressure
levels. Along the x-axis an allocation of peaks can be found at around 60 mm. A
comparable course of the compaction stress distribution along the x-axis can be
seen at every pressure level. For x values < 60 mm a steep slope exists, whereas
for x values > 60 mm compaction stress decreases with a step. A plateau can be
identified at around 70 mm for every compaction pressure. In Figure 3-26 the stan-
dard deviation is display for the 44 x 44 measurement gauges at 6 bar compaction
pressure. The strong deviation is caused by the distinct peaks showing comparable
distances between them (see Figure 3-25). The average distance between the peaks
is 15.24 mm with a relative standard deviation of 9.6 %. The position of maxima
and minima along the y-axis is independent from compaction pressure which can
be seen in Figure 3-25.

The experimental investigation of the compaction behavior of dry preform exhibit
considerable variability. This variability is caused by the inherent character of the
reinforcement material. This assumption is supported by the regularity of the stress
distribution. It is believed that random stacking (i.e. not considering nesting) of
woven fabric layers with consistent orientation leads to local overlapping of undula-
tion points resulting in stress peaks as well as nesting effects, leading to minimized
compaction stress. The step-wise pressure profile within the compaction area along
the x-axis might be the result of clamping and friction effects within the preform at
the un-compacted area or heterogeneous deformation behavior of the compaction
device. In the first case preform deformation at the compaction area requires ad-
ditional slippage of layers close to the compaction device. This slippage might be
blocked by the clamping forces due to friction or interlocking of the preform at
the un-compacted area. This might result in higher in-plane stresses reducing the
out-of plane deformation and compaction stress at the compaction area. Heteroge-
neous deformation behavior of the compaction device is believed to play a minor
role since the deformation profile shows constant course as it can be seen in Figure
3-17. It is believed that high elasticity of the polymer material of the compaction
device supports homogeneous deformation even if wall thickness might vary.
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Despite the heterogeneity of the compaction stresses it is believed that the resulting,
minimal compaction stress leads to a reduction in permeability which is sufficient
for the modification of flow front velocity.

3.5.3 Validation of the selected hybrid-matrix process concept
and the analytic model

Unsaturated infiltration experiments are conducted to determine the flow front
distribution and flow front velocity. These results allow the validation of the hybrid-
matrix process concept as well as the analytic model.

The unsaturated experiential procedure is based on a similar setup as shown in Fig-
ure 3-18. No pressure sensor is applied. Preforms with 4 and 5 layers of HexForce®

G0926 [105] are investigated with nominal FVCs of 46 % and 53 % related to a cav-
ity height of 1.8 mm. Preform dimension is 150 mm by 180 mm (length x width).
Ply orientation is 0/90◦ according to the flow direction. As test fluid vegetable oil
with a dynamic viscosity of 56.7 mPa*s at 24◦C is chosen [107]. Experiments are
performed at room temperature (24◦C). Constant injection pressure of 1 bar for
both preform setups is defined. Compaction pressure is set to 8 bar.

Flow front distribution is captured by a camera system. Flow front velocity is
determined by step-wise analysis of flow front propagation depending on the time.
Permeability of the uncompacted preform area is determined according to Alms et
al. [108]. Three experiments are conducted for each setup.

In Figure 3-27 the flow front propagation at different time steps can be seen. At 10 s
a homogeneous flow front is formed. No undesired material flow can be identified
at the edges of the preform. At the first part of the injection prior to the over-
compacted area the flow front shows a curved course. This can be explained by
friction effects at the edges of the preform where the sealing tape is applied as well
as by out-of-plane deformations of the transparent tooling. Due to the local com-
paction forces at the compaction area the polycarbonate mold half starts to bend
with a curvature orthogonal to the flow direction. When the flow front reaches the
compacted area in the middle of the preform after 19 s the flow front distribution in
x-direction is stopped. Material flow continues to propagate in y-direction towards
the edges of the preform until the flow front is aligned along the over-compacted
area. Not until the complete filling of the un-compacted preform area after 25 s
is reached the flow front propagates within the compacted area. According to the
time steps which lie between the covered distance at 35 s it is obvious that the flow
front velocity is significantly reduced due to the local over-compaction of the pre-
form. The flow front velocity is determined according to the flow front position for
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Figure 3-27 Validation of HyMa RTM process: flow front distribution at injection experiments
with local over-compaction

a quantitative analysis. In Figure 3-28 the flow front velocity profile can be seen.
The flow front velocity continuously decreases with successive propagation within
the preform for both preform setups. Within the compacted area velocity values
are significantly reduced. Flow front velocity is decreased by 98% related to the
last measured velocity before the compaction area. Comparable velocity values for
both FVCs can be seen at the compaction area and in the adjacent un-compacted
area. However, velocity values within the compacted area show strong variations.
Besides, distinct alignment of the flow front along the compaction area can be seen.

The reason for comparable velocity values for both FVCs in the compacted area
can be found at the flexible compaction device. The compaction pressure leads to
constant compaction stress and constant fiber volume content at 4 and 5 layers.
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Figure 3-28 Flow front velocity over flow distance: experimental values and analytic prediction

Strong deviations of measurements are caused by the low flow front velocity and
the limitation of the resolution of the digital image analysis.

Thus, the experimental results prove the feasibility of the HyMa RTM process
concept. The local reduction of preform permeability leads to modified flow front
velocity and flow front geometry.

In Figure 3-28 the theoretical flow front velocity according to Equation (3-16) in the
un-compacted area and Equation (3-15) in the compacted area is displayed. The
following values (see Table 3-2) have been determined for the presented setup. Due
to deformations of the polycarbonat mold cavity thickness and actual FVCs are
lower than the nominal values. Permeability data for the compacted area is deter-
mined according to the results of Körber and Walbran [98] and the approximation
at high FVC.

Correlation between the theoretical and experimental values is satisfying. The an-
alytical prediction captures the strong decrease in flow front velocity within the
compacted area. However, experimental values tend to be lower in the compacted
area. It is believed that the strong compaction of the flexible compaction device
and nesting behavior of the heterogeneous and fibrous reinforcement reduce preform
permeability at high FVCs. This might lead to a deviation between the assumed
permeability at the compaction area and the real permeability. However, the series
character of permeability can clearly be reproduced by the analytic approach.
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Table 3-2 Process parameter

Parameter Unit 4 Layers 5 Layers
FVC un-compacted (Vf1) [%] 41.7 47.15
FVC compacted (Vf2) [%] 66.8 66.8
Permeability un-compacted (Kx1) [m2] 2.19 × 10-10 6.82 × 10-11

Permeability compacted (Kx2) [m2] 1.08 × 10-12 1.08 × 10-12

Compaction pressure (pcompaction) [kPa] 800 800
Cross-section area un-compacted (A1) [mm2] 356.9 394.5
Cross-section area compacted (A2) [mm2] 281.8 281.8
Length un-compacted area (luc) [mm] 100 100
Injection pressure (pinj) [bar] 1 1

3.6 Investigation of the hybrid-matrix RTM process

The investigation of the HyMa RTM process focuses on the simulative and ex-
perimental validation of the process concept and suitable process design. Process
design is evaluated by means of filling simulations using the PAM-RTM Version
2015.5 (ESI Group, Paris) [109] software supporting the identification of promis-
ing process parameters. Test plates are manufactured based on the experimental
tooling where two different matrix materials are simultaneously injection into one
preform. Test plates are analyzed regarding part quality as well as tolerance of the
matrix transition area.

3.6.1 Hybrid-matrix RTM process design

The HyMa RTM process offers a wide variety of process designs. Inlet, outlet
location and geometry, injection pressure of the different matrix materials and
compaction pressure need to be defined and adjusted to another to generate an
optimal result. Especially inlet and outlet location and geometry have a strong
influence on the filling process since they predict the course and shape of the
flow fronts and finally the converging condition. Experimental investigations at
converging flow fronts during RTM injection processes by Barandun and Ermanni
[110] revealed strong dependency between confluence angle and void content in the
merging area. According to their findings the relative void content in the merging
area can be decreased with an elevated converging angle. Hence, in the framework
of the presented thesis an injection process is defined where flow front distribution
takes place along the compaction area. Hereby, the converging angel of flow fronts
is reduced.
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The initial process design is evaluated and analyzed by filling simulations using
PAM-RTM 2015.5 [109]. It allows flow simulation of liquid composite molding pro-
cesses including resin curing processes and thermal influences. The simulation study
focuses on the following objectives:

• Develop simulation models correlating with the experimental approach

• Demonstrate decrease of flow front velocity at compacted areas

• Evaluate flow front geometry

• Determine filling times for different setups

• Determine critical filling events (first contact of flow fronts, last filled spot)

• Increase process understanding

PAM-RTM 2015.5 offers the possibility for fast and efficient analysis of flow pro-
cesses at composites. Injection strategy, inlet location, flow front velocity, filling
time, flow front distribution can be assessed and visually displayed. The flow sim-
ulation is governed by Darcy’s Law for in-compressible, viscous, Newtonian liquids
[111]. However, merging and mixing behavior of uncured resins cannot be captured
by PAM-RTM 2015.5. Besides, the analysis of flow behavior after removal of the
compaction pressure cannot be investigated since a time dependent variation of
permeability and preform geometry is not possible.

The simulations are conducted at a simplified preform model with the dimensions
of 165 mm by 165 mm. Only the preform is modelled. The steel and polycar-
bonate tooling is assumed impermeable. The compaction area is located centric
at the preform with a width of 23.5 mm. The geometric deviation caused by the
compaction is considered by a reduction of preform thickness. Preform thickness
at the compaction area is 2.8 mm. Preform thickness at the un-compacted areas
is 3.8 mm. The preform is modeled three-dimensionally, leading to 19125 nodes
based on a moderate mesh size and an optimization performed in Gmsh [112].
The preform is modelled according to the reinforcement (Hexforce® G0926 [105])
and permeability values experimentally determined by Walbran and Körber [98]. A
room temperature curing epoxy resin system Biresin® CR80-2 [113] is contemplated
for the experimental investigation. To allow the consideration of curing behavior
the time dependent viscosity function is determined based on rheological investi-
gations. Injection pressure is constant and set to 2 bar. The following parameters
and characteristics are investigated (see Table 3-3).

With the investigation of inlet strategy general flow front distributions within the
preform as well as filling times can be determined and validated. The target is to
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Table 3-3 Parameters investigated in simulative study

Parameter Variant 1 Variant 2
Inlet strategy Spot inlet Line inlet
(length × height) (10 mm × 3.8 mm) (41 mm × 3.8 mm)
Compaction pressure 4 bar 6 bar

reduce filling time, leading to a fast process in combination with defined filling
pattern and low converging angles between the flow fronts.

With the variation of compaction pressure the influence on flow front distribution
and decisive filling events such as time of first contact and final mold filling can be
investigated. Especially final mold filling is a crucial event since from here on the
compaction pressure can be removed. Accordingly, mold filling times predict the
viscosity at which the compaction device is removed. It is believed that pressure
removal at low resin viscosity might lead to uncontrollable flow processes at the
over-compacted area. Pressure release at elevated resin viscosity might lead to
insufficient cavity filling and strong thickness deviations.

Analysis of inlet geometry

Filling simulations are performed with the preform model based on parameters
shown in Table 3-4. For both inlet strategies the material setup is identical. Perme-
ability values and FVC in the compacted area are determined according to 4 bar
compaction pressure.

The simulation results (see Figure 3-29) show that flow front propagation exhibit
comparable characteristics for both inlet strategies. At the compacted area a strong
slowdown of flow front distribution can be seen. This leads to a tapered flow front
geometry within the compacted area during the injection. First contact of the flow
fronts and filling times vary significantly. At the line inlet first contact takes place
at 203 s. Filling time is 1029 s. For the spot inlet first contact takes place after 664 s.
Filling time is 4729 s.
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Table 3-4 Variation of inlet strategy

Parameter Unit Values
Inlet strategy Spot inlet Line inlet
(length × height) [mm] (10 × 3.8) (41 × 3.8)
no. of Layers 8
pinj. [bar] 2
Un-compacted area
FV C [%] 45
Porosity φ 0.55
Permeability K11 [m2] 6.88 × 10−11

Permeability K22 [m2] 3.7045 × 10−11

Permeability K33 [m2] 3.7045 × 10−11

Compacted area
FV C [%] 63.6
Porosity φ 0.346
Permeability K11 [m2] 2.292 × 10−12

Permeability K22 [m2] 1.303 × 10−12

Permeability K33 [m2] 1.303 × 10−12

It can be seen that the last point of filling is located beneath the compaction device.
In relation to a real application a venting possibility should be installed to reduce
the risk of entrapped air and incomplete mold filling.

Since flow front geometries show no obvious difference it is decided to use the line
inlet as promising inlet strategy for the ongoing simulation as well as experimental
investigations. The reason can be found at the total filling time. Filling time is 4.6
shorter for the line inlet compared to the spot inlet.
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Figure 3-29 Influence of inlet geometry on filling behavior (i.e. development of flow front geom-
etry, filling time, time of first flow front contact)
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Analysis of compaction pressure

Two different pressure levels are applied for the investigation of compaction pres-
sure. The corresponding permeability values for FVCs correlating to 4 bar and 6 bar
compaction pressure are applied. The line inlet is chosen as inlet strategy for both
setups. In Table 3-5 the permeability values are presented. In Figure 3-30 the filling

Table 3-5 Variation of compaction stress

Parameter Unit Values
Compaction pressure [bar] 4 6
Inlet strategy Line inlet Line inlet
no. of Layers 8
pinj. [bar] 2
Un-compacted area
FV C [%] 45
Porosity φ 0.55
Permeability K11 [m2] 6.88 × 10−11

PermeabilityK22 [m2] 3.7045 × 10−11

PermeabilityK33 [m2] 3.7045 × 10−11

Compacted area
FV C [%] 63.6 66
Porosity φ 0.346 0.34
Permeability K11 [m2] 2.292 × 10−12 1.3 × 10−12

Permeability K22 [m2] 1.303 × 10−12 7.459 × 10−13

Permeability K33 [m2] 1.303 × 10−12 7.459 × 10−13

process can be seen. Flow front geometry shows differences regarding the converg-
ing angle. At 6 bar compaction pressure the flow front distribution shows a stronger
delay in filling of the compacted area. This leads to a higher converging angle. First
contact of flow fronts and final mold filling takes place after 203 s and 1496 s at 4 bar
compaction pressure and 330 s and 3785 s at 6 bar compaction pressure.
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Figure 3-30 Influence of compaction pressure on filling behavior (i.e. development of flow front
geometry, converging angle, filling time, time of first flow front contact)
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Low converging angles are aspired for the experimental investigations to reduce the
risk of void entrapment within the transition area. Besides, fast filling processes
are pursued to reduce general process times resulting in low resin viscosity when
the mold is fully filled. Thus, compaction pressure has to be sufficiently high to
generate a process window where the flow fronts can merge in a defined manner.
For the experimental investigation a compaction pressure of 6 bar is favored since
a distinct delay in flow front distribution within the compacted area exists.

The simulative study shows that available simulation tools (PAM-RTM 2015.5) can
be used for the estimation of flow front propagation for the HyMa RTM process.
Preforms with locally varying fiber volume contents and permeability can be real-
ized according to experimental setups. The flow behavior supports the estimated
reduction in flow front velocity within the compacted area, leading to a defined
merging of the two flow fronts. Critical process events can be determined involving
curing kinetics of the resin system.

3.6.2 Hybrid-matrix RTM injection experiments

Injection experiments with multiple resin systems are conducted with the experien-
tial tooling to prove the HyMa RTM process concepts. The aim is to manufacture a
test plate with a defined transition line and transition area between two simultane-
ously injected resin systems. In the following sub-chapter the experimental tooling,
general setup, the selected process parameters, and materials are introduced. On
the basis of a manufactured test plate the transition line and area as well as quality
characteristics are analyzed.

Experimental setup

Injection experiments are conducted with the presented tooling and according to
the defined process design. A steel mold in combination with the transparent mold
half is used. To increase stiffness of the polymer mold half metal stiffeners are
installed. Cavity height and preform dimensions are set according to the simulation
model. To realize a defined filling process guiding channels are realized. A silicone
layer is adjusted to provide flow channels for inlets and outlets as well as a mask
for the preform geometry. It is assumed that defined filling is a key element for the
realization of HyMa composites. Resin circulation around the preform or between
inlets and outlets might result in incomplete filling within the compaction area.

Figure 3-31 shows the experimental setup with the location of the different inlets
and outlets. Resin is injected via two separate pressure pots with individual pressure
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regulation. Vacuum can simultaneously be applied at the outlets. Each inlet and
outlet can manually be regulated.
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Figure 3-31 Experimental setup: a) elements of the HyMa tool, b) Inlet and outlet position
[114]

As fiber reinforcement 8 layers of HexForce® G0926 [105] is used with a 0/90°
orientation along the compaction device. Sealing tape is applied at the edges of
the preform to avoid uncontrolled resin flow. As injection resin the room curing
epoxy system Biresin® CR80-2 [113] is selected. The resin is colorized yellow and
blue with a universal pigment paste specially for the use with reactive resin sys-
tems (2 % total mass fraction). Hereby, the different resin systems can be identified
and the transition line and area gets visible. The pigment paste is not soluble. Pre-
investigations showed that no deposition takes place during impregnation processes
of dry preforms with comparable FVC. It is believed that the pigment size is below
the critical values for filtration. Since the same resin system is used no incom-
patibilities are expected. Mixing and co-curing of the two parallel injected resins
is assumed. Additionally fluorescent dye, EpoDye (Struers GmbH, Augsburg), is
mixed into the yellow resin systems (0.3 % total mass fraction). The fluorescence
dye is based on fluorescein with an absorption maximum of around 485 nm and
an emission maximum of 514 nm lying in the green spectrum of the visible wave
length range. The fluorescent dye supports the clear assignment of resin material
within the composite when UV-radiation is applied. To enhance the solubility the
fluorescent dye is mixed with the hardener component at 60 °C. After cooling down
to room temperature the regular material preparation with mixing and degassing
takes place.

Process design

At the HyMa injection process the following parameters need to be defined:
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• Injection pressure inlet A and B

• Vent pressure outlet A and B

• Compaction pressure

• Point of time vent closing

• Point of time decrease of com-
paction pressure

• Profile of compaction pressure re-
lease

The first three parameters are selected according to simulation results. Injection
pressure is set to a relative pressure of 100 kPa. Vent pressure at the outlets is set to
0.2 kPa, leading to an absolute injection pressure of 199.8 kPa. Relative compaction
pressure is set to 500 kPa. Due to the vacuum within the mold an absolute com-
paction pressure of 599.8 kPa exists. Outlet vents are supposed to be closed when
the filling process is completed. Vents are closed according to the filling times given
by the simulation as well as visual observation of flow front propagation within the
experimental tooling.

When both outlets are fully filled, injection pressure is increased to 400 kPa absolute
pressure. Herewith, entrapped air is compressed and part quality increased. After
a pressure homogenization period the compaction pressure is released. To allow
the constant re-filling of the cavity, which is created by the displacement of the
compression device, compaction pressure is reduced gradually. Finally, vacuum is
applied at the compaction device to guarantee the complete re-deformation and a
constant cavity and composite thickness. It needs to be guaranteed that the resin
systems are in liquid state during pressure release. With increasing viscosity resin
flow within the preform is hindered. It is assumed that at elevated viscosity filling
of the compacted area is impractical and preform relaxation is disabled. This might
lead to dry spots, residual deformation of the preform and variation in composite
thickness at the compacted area since compression induced deformations cannot
recover. In Figure 3-32 the HyMa RTM process design related to the process time
can be seen.

Both resin systems are simultaneously prepared and injected into the preform after
degassing. At the end of the injection inlets are closed and material cures for 16
hours at room temperature. Due to the mold stiffeners visual observation of the
filling process is hindered.

Initial experiments reveal that the point of time when the compaction device is
deflated plays a decisive role in relation to resin viscosity. The early release of
compaction pressure at low viscosity levels leads to undesired flow processes be-
tween the two materials. Undefined transition lines were the result. However, low
viscosity supports compensation flows at the transition area after the removal of
the compaction pressure. The removal of compaction pressure at elevated viscosity
leads to residual deformation of the laminate and insufficient filling, since no matrix
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Figure 3-32 Experimental HyMa RTM process: injection pressure, vent pressure, compaction
pressure and viscosity development over process time

flow occurs. It is found that resin viscosity between 1500 mPa*s and 2500 mPa*s is
practicable.

Results

In Figure 3-33 the final test plate can be seen. Both material inlets can clearly be
identified due to the colorization of the resin systems. No undesired resin flow at
the preform edges occurred during the injection. A defined transition line between
the resin systems can be seen. Its course is centric to the area where the compaction
stress was applied. Compaction marks can slightly be seen. A small transition area
between the constituent matrix materials can be identified where the yellow and
blues resin mix. Visual appearance of the surface leads to the assumption that no
obvious defects like deviation in fiber course, plate thickness, dry spots, or increased
void content exists.

The experimental result illustrates the feasibility of the HyMa RTM process. The
local over-compaction concept leads to a defined out-of-plane matrix transition
within the continuously reinforced test plate.

3.6.3 Analysis of the hybrid-matrix RTM test plate

To allow a comprehensive analysis of the HyMa test plate and the composites qual-
ity a suitable methodology needs to be developed. It is the target of the following
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Figure 3-33 Experimental results: HyMa test plate with general dimensions

sub-chapter to present an approach to identify the key characteristics of the test
plate in a qualitative and quantitative manner.

The following properties have been selected to describe the HyMa laminate.

• Tolerance of the transition area

• Tolerance of the transition line

• Thickness deviation of compaction
area

• Fiber course at the compacted area

• Void content at the compacted and
un-compacted areas

The dimension of the transition area as well as the course of the transition line
represent decisive characteristics of the HyMa RTM process quality. The tolerance
of the transition line which can be described as the deviation between the pre-
defined course and the existing one needs to be in a reasonable range depending on
the part size. Besides, the transition area has to lie within acceptable boundaries.
Neither un-controlled mixing of the matrix materials across an excessive area nor
strong variations in transition area within one laminate can be tolerated. To allow
a comprehensive analysis transition area and transition line need to be quantified.
A possible approach represents the fluorescent image analysis. Fluorescent pho-
tography or fluorescent microscopy are common methods to analyze or to detect
spatial distribution, accumulation, or deposition processes of marked fluids or par-
ticles in different media. This approach can be found in scientific disciplines like
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biochemistry or medicine where fluorescent dyes are used to investigate depositions
processes in cell structures. Analysis of the transition area is performed using fluo-
rescence photography and microscopy. Radiation coming from UV-light excitation
is emitted by the fluorescence materials part-wise within the visible spectrum. Un-
marked materials are supposed to absorb the UV-radiation. Distinct demarcation
can visually be identified between emitting and non-emitting materials. Besides the
analysis of emitting non-emitting areas the emitted light can be assessed according
to existing technical color models, leading to quantitative results [97][34][115].

Besides, the geometric characteristics of the transition area, the influence of the
temporary over-compaction of the preform is of major interest. Since dry fiber
beds or preforms show a visco-elastic deformation behavior when compacted pos-
sible thickness deviation at the composite plate represents an important quality
criterion. Geometric alterations might lead to resin rich domains or local varia-
tion in undulation behavior. Mechanical properties might be negatively impacted.
Thus, analysis focuses on the quantification of cross-section thickness to evaluate
the residual deformations caused by the over-compaction. Therefore, micrographs
of the compacted area are evaluated at different sections. Additionally, fiber courses
are qualitatively assessed by determined amplitude values of undulating rovings to
identify possible differences between the un-compacted and compacted area. In ad-
dition, composite quality and the influence of flow front converging are analyzed
by comparing void contents and FVCs at the un-compacted and compacted area.

Tolerance of transition area and transition line

Transition tolerance is determined on both sides of the test plate based on image
analysis using ultraviolet illumination at the image acquisition. Four UV lamps
(LF-106S from Uvitec) are arranged around the specimen with an excitation wave
length of 254 nm. Images are taken in a dark room to avoid secondary excitation.
Digital image acquisition is standardized using a NIKON D3300 with a 18−105 mm
lens, a focal distance of 105 mm, an f/11 aperture, 1 s exposure time at ISO 100
and +0.7 exposure compensation.

In Figure 3-34 the UV-images of the test plate can be seen.

A region of interest is chosen for the analysis with a dimension of 140 mm x 137 mm
(x × y). UV-images are processed using ImageJ. Images are calibrated to allow the
transition of the number of pixels into linear measures.

The transition line and area are determined through the analysis of green values
of pixels along imaginary sections parallel to the x-axis. Pixels along the lines
are expressed by an RGB value as well as a coordinate along the x-axis. In the
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Figure 3-34 HyMa test plate fluorescence photography: a) bottom side (compaction element),
b) top side (mold side)

RGB color model the color of each pixel is composed by a combination of a red,
green, and blue value ranging from 0 to 256. The green value (G) of the individual
pixel decrease from the fluorescent to the non-fluorescent area. This decrease can
be visualized by plotting filtered green values along the imaginary sections. This
approach is visualized in Figure 3-35 by means of three representative lines.
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Figure 3-35 Distribution of green values along the analysis sections with high level (xHL) and
low level (xLL) threshold defining the transition area

The plot clearly displays the two different levels of green values of matrix A and
matrix B as well as the significant drop along the analysis lines at the compacted
area. Besides, in Figure 3-35 strong fluctuation can be identified at the fluorescent
area. They are caused by the textile structure of the woven fiber reinforcement by
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means of resin rich domains (high G value) and areas where rovings are close to
the surface (low G values).

To define a transition area, thresholds have to be set where the fluorescent area
representing constituent matrix A and the non-fluorescent area representing con-
stituent matrix B end and where the transition area begins. Thus, critical G values
(see Figure 3-35) for both areas are defined, leading to a high level (xHL) and low
level (xLL) coordinate along the x-axis (Equation 3-17 and (3-18)). The distance
between xHL and xLL describes the transition area of the HyMa composite plate.
Critical values are determined as following:

xHL : GxHL < µGF low − σGF low (3-17)

xLL : GxLL < µGNF high + σGNF high (3-18)

GxHL Critical G value high level (Matrix A)
GxLL Critical G value low level (Matrix B)
xHL x-value for high level
xLL x-value for low level
µGF low Mean value of low G values in fluorescent area
µGNF high Mean value of high G values in non-fluorescent area
σGF low Standard deviation of low G values in fluorescent area
σGNF high Standard deviation of high G values in non-fluorescent area

The threshold for the high level (i.e. fluorescent area) can be found at the x-
coordinate where the first pixel is located (xHL) having a green value (GxHL) smaller
than the mean value of low G values (µGF low) minus its standard deviation (σGF low)
(Equation (3-17)). Respectively, the low level threshold (xLL) can be found at the
position where the critical low level value (GxLL) drops below the sum of the mean
value of high G values (µGNF high) in the non-fluorescence area and its standard
deviation (σGNF high).

A low G mean value (µGF low) can be found at 52.71 with a standard deviation
(σGF low) of 4.27 for the fluorescent area. The critical green value (GxHL) for the
transition from matrix A to the mixing zone is 48.44. For matrix B at the non-
fluorescent area the critical green value (GxLL) is 4.18 with µGNF high of 3.53 and
σGNF high of 0.64 according to Equation (3-18).

Both sides of the composite plate are analysed according to the presented approach.
The xHL and xLL values of 29 discrete sections along the y-axis lead to the high
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level threshold and the low level threshold forming the transition area. In Figure
3-36 thresholds are displayed.
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Figure 3-36 Transition area and transition line: a) bottom side (compaction element), b) top
side (mold side)

Between both sides a deviation in transition area exists, which can be clearly seen in
Figure 3-36. An average transition area width of 3.7 mm with a standard deviation
of 1.3 mm exists at the bottom side. At the top side average transition width is
6.7 mm with a standard deviation of 3.1 mm.

It is believed that on the one hand local, ply-wise permeability variations (i.e. gaps)
lead to out-of-plane heterogeneity within the preform. On the other hand different
contact properties between the preform and the tooling of the top and bottom side
exist. Reduction of permeability might be stronger at the side where the compaction
device is located since the flexible material fully adapts to the textile structure of
the woven fiber reinforcement and nesting can takes place. Permeable domains (e.g.
areas next to undulation points) of the preform are reduced. At the top side where
a rigid mold surface can be found these domains still exist and promote resin flow.
This circumstance might lead to a modification of the permeability at the outer
layers in the over-compacted area. Reduced domains where matrix flow and mixing
takes place at the bottom might lead to a smaller transition area.

A transition line can be defined, based on the quantified thresholds and the tran-
sition area. It is set to be in the middle of the transition area (see Figure 3-36 red
dotted line). Assessment of the transition line is established according to principles
of roughness measurements (DIN EN ISO 4287 [116]). A tolerance value compara-
ble to the total height of a roughness profile (Rt) is assigned describing the zone
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in which the transition line can be found. It is defined by the minimum and maxi-
mum x-values along the y-axis (see Figure 3-37). Additionally, the mean deviation
of the actual transition line from the pre-defined transition line is determined giving
information on the shift of the actual transition line.
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Figure 3-37 Assessment of transition line: transition zone and mean deviation from pre-defined
transition line

The transition lines of the presented HyMa test plate lies within a tolerance zone
of 6.64 mm for the bottom side and 8.53 mm for the top side. These values correlate
with the optical impression of a straight-lined course of the transition lines on both
sides.

The increased tolerance value for the top side can be explained by the course of the
low level threshold. In the middle part of the composite a deeper penetration of
matrix A (fluorescent material) beyond the pre-defined transition line into matrix
B can be identified. It is assumed that local flow heterogeneity in combination with
permeability deviation in the outer layer leads to this behavior.

The pre-defined transition line where the flow fronts are supposed to converge
can be found in the middle of the compaction device. The mean deviation of the
actual transition line at the bottom side is 3.56 mm and at the top side 8.12 mm.
Both values are above 0 thus transition line is shifted towards matrix B (non-
fluorescence).

It is believed that this shift might be the result of the compaction behavior which
was identified in chapter 3.5.2. The compaction stress has a profile with a steep
slope on one side and a step-wise course towards the other (see Figure 3-26). Related
to the findings at the experiments this leads to the assumption that a steep slope
with a higher compaction stress towards matrix B and a step-wise decrease in
compaction stress towards matrix A existed during the infiltration process. Since
compaction stress correlates with the permeability a slightly higher permeability
at the compaction area towards matrix A existed. The flow front propagation of
matrix A might be enhanced by this circumstance, leading to a general shift of the
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transition line. Additionally, previously described effects of permeability deviation
between outer layers might have increased this effect.

To gain a distinct insight into the transition behavior fluorescence microscopy im-
ages are generated using a Zeiss fluorescence microscope (Axio Imager M2) with
an EC Plan-Neofluar 2.5 x/0.075 M27 objective and an emission wave length filter
of 500 − 550 nm. Figure 3-38 displays the different section plains and regions of
special interest.
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Figure 3-38 Fluorescence micrographs: a) matrix A, b) mixing in resin rich domains (macro-
scopic), c) mixing in fiber rich domains (microscopic)

In every section plane the transition from fluorescent to non-fluorescent can be
seen. Mixing can be identified at resins rich domains (Magnification b). Swirls are
created due to the interleaved flow of the two resin systems. Gradual transition
can be assumed due to the decrease of fluorescent intensity. Additionally matrix
transition on microscopic level can be seen within single rovings (Magnification c).
The fluorescence images support the findings that the transition takes place in a
defined manner between distinct boundaries.

The characteristics of the transition area as well as the tolerance values of the
transition line are in a promising range for applications in industrial composite
parts. Transition characteristics and tolerances should always be seen in relation to
part size, complexity, and the purpose of the hybridization. Wider transition areas
might lead to smoother transition between composite properties reducing the risk
of stress concentrations or flaws.
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Thickness deviation

The transition area needs to be investigated regarding possible defects coming from
the local over-compaction and the converging flow fronts. Thus detailed analysis of
the transition area is established by micrograph analysis and thickness measure-
ment. In Figure 3-39 the location and specimen distribution along the test plate
can be seen.
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Figure 3-39 Section planes of micrographs, micrograph position, analysis locations of FVC and
void content

Cross section thickness is measured using an Olympus BX41 incident light micro-
scope with a 5× magnification and an electric specimen carrier. Surface profile of
the cross-section specimens is derived by point wise measurement.

In Figure 3-40 the cross sections at the six analysis planes can be seen. The images
cover the compaction area as well as the adjacency region on both sides. The surface
profile of the bottom where the compaction device was applied is marked red.

It is noticeable that compaction marks are visible. Especially at the outer section
planes (1,2,5 and 6) the compaction area is clearly delimited. At the middle planes
(3 and 4) this effect is considerable less distinct. Following composite thicknesses
are measured at the compacted area and the un-compacted area (see Table 3-6).

Qualitative analysis of the outer section supports the findings that higher rela-
tive deviations between the thickness values exist (-2.99% and -7.03 %). At the
centered locations the relative deviation lies between -1.17 % and -1.43 %. Here,
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Figure 3-40 Cross-sections compacted area

Table 3-6 Thickness properties at the compaction area

ave. Thickness ave. Thickness abs. Deviation rel. Deviation
Location Compacted Un-compacted

[mm] [mm] [mm] [%]
Section plane 1 3.734 3.878 -0.144 -3.71
Section plane 2 3.810 3.927 -0.117 -2.99
Section plane 3 3.893 3.939 -0.046 -1.17
Section plane 4 3.883 3.939 -0.056 -1.43
Section plane 5 3.575 3.758 -0.183 -4.87
Section plane 6 3.397 3.654 -0.257 -7.03

less than 0.056 mm absolute deviation can be found between the compacted and
un-compacted area.

A reason for the reduced composite thickness at the outer separation planes can be
found at the sealing tape which is applied at the edges of the test plate. The sealing
tape conserves a plastic deformation due to the pressurization of the compaction
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device. Its adhesive character might prevent the full recovery of the compaction
device after the pressure is released. Additional examinations of the changeover
area between the compacted and un-compacted area reveal a distinct step. This
imprint alike deformation can be found along the entire test plate. Investigations
of the tooling surface reveal that the compaction device is slightly displaced and
exceeds the tooling surface. It is believed that this effect leads to the defect which
can be found at the test plate. The displacement might be the result of the inner
pressurization. The compaction device is pressed out of the designated groove in
case the adhesive bonding to the tooling is not sufficiently high. It can be stated
that enhanced results are estimated if this displacement of the compaction device
is prevented.

Thus, all absolute thickness deviation values are within the general tolerance for
linear measurements with limit deviations between 0.5 mm and 6 mm according
to DIN ISO 2768-1 [117]. At the center of the test plate the fine tolerance with
± 0.05 mm is met. Hence, thickness deviation which are caused by the temporary
over-compaction seems to be insignificant.

Fiber course at the compacted and un-compacted area

Besides the analysis of thickness, the course of the fibers at the compacted area is of
interest. Thickness might be recovered by post-flow of resin when the compaction
pressure is released, but it needs to be ensured that fiber bed recovery takes place as
well. The cross-section micrographs at Figure 3-40 already reveal that no neat resin
areas can be identified under the compaction device. Warp and weft rovings define
the surface profile. An approach is chosen for the quantitative analysis comparing
the amplitude of rovings undulating within the composite. It is believed that a
deviation in compaction stress might lead to a reduction in amplitude of in-plane
rovings since out-of-plane rovings are flattened.

In Figure 3-41 a measurement example is given. At each section plane 3 to 5
amplitude values are determined within the compacted and the un-compacted area.
Figure 3-42 shows the mean amplitude values as well as the standard deviation at
the compacted and un-compacted composite area. Measuring of the amplitude
represents difficulties due to the strong differences between the fiber course at the
different layers.

At section plane 1, 4, 5, 6 the mean amplitude value of the compacted area is
smaller than at the un-compacted area. At section plane 3 the mean amplitude
value of the compacted area is higher than in the un-compacted area. A slight
trend regarding incomplete fiber bed recovery can be derived. The reason might
be the compaction stress within the compaction area during the injection process.
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Figure 3-41 Amplitude measurement

Another reason might be the identified displacement of the compaction device,
leading to a reduction in plate thickness and associating deviations in fiber course.
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Figure 3-42 Amplitude values: compacted and un-compacted area

In general high standard deviations exist. It is believed that high standard de-
viations are the result of the heterogeneous character of the textile preform (i.e.
woven fabric) in combination with variations in the stacking pattern and the loca-
tion of undulations. This leads to local variations in compaction state within the
composites on a microscopic level.

The analysis of the amplitude as well as the qualitative assessment of the cross
section specimens lead to the assumption that no significant defects of the fiber
course can be determined. It seems as if the fiber bed recovers its compaction
induced deformation almost entirely when the compaction pressure is removed.
It is believed that the matrix material, when still in liquid phase, enhances this
process. It can be seen at infiltration experiments that the necessary closing forces
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of the tooling additionally reduced as soon as the saturation process of the preform
begins [106]. The fluid matrix might act as a lubricant between the fibers promoting
relative movements to release compaction stresses.

Void and fiber volume content values

Void content and FVC is determined at the designated analysis locations (see
Figure 3-39) according to DIN EN 2564 method A [118] by wet-chemical digestion.
Four specimen of each constitute composite and four specimen at the transition
area are extracted. In Table 3-7 the results can be seen.

Table 3-7 Fiber volume contents, void contents of the HyMa test plate and error of measurement
(EM)

Analysis location FVC EM Void content EM
[%] [%] [%] [%]

un-compacted yellow 1 42.20 0.76 0.22 1.78
un-compacted yellow 2 42.11 0.57 0.04 1.32
un-compacted yellow 3 42.38 0.81 0 1.89
un-compacted yellow 4 43.96 0.53 0.06 1.15
compacted 5 43.71 0.53 0 1.16
compacted 6 43.83 0.53 0 1.16
compacted 7 45.51 0.61 0.1 1.27
compacted 8 43.74 0.58 0.1 1.27
un-compacted blue 9 43.3 0.55 0 1.22
un-compacted blue 10 43.83 0.54 0 1.19
un-compacted blue 11 44.32 0.56 0.07 1.2
un-compacted blue 12 43.97 0.58 0 1.26

FVCs show minor deviations between the un-compacted and compacted area. Mean
FVC at the yellow un-compacted area is 42.66 % ± 1.77 %. At the blue area un-
compacted area FVC is 43.85 % ± 0.83 %. at the compacted are the FVC is 44.19 %
± 1.72 %.

Void contents can be found between 0 % and 0.22 %. The actual void contents
are smaller than the error of measurement relating to the general accuracy of
the measurement methodology. The error of measurements can be found within
comparable range for all specimens.

However, no distinct answer can be given on the compaction influence on FVC.
The results lie within each others’ standard deviation. The findings concur with the
results and assumptions of the thickness measurements and fiber course analysis.



Hybrid-matrix processing 83

Void content measurements reveal that the converging flow fonts do not lead to
an increase in void content within the over-compacted area. It is believed that
entrapped air is transported towards the outlets by the tapered flow fronts and
the continuous filling process. Besides, long degassing time (15 min) of the resin
and high vacuum (0.5 mBar) within the tooling reduce the general risk of void
appearance. The results clearly point out that very high composite quality can can
be established by the HyMa RTM process throughout the entire test part without
local restrictions by the temporary preform over-compaction.

3.7 Summary

The HyMa RTM process represents a feasible technology to realize HyMa compos-
ites with an out-of-plane transition line based on reversible, local over-compaction
of the preform during injection. Pneumatic inflation of a flexible compaction device
integrated into one tool half leads to an increase of compaction stress in the preform
and a reduction of permeability. Flow front velocity and flow front geometry can
be modified significantly within the preform. Process windows are generated allow-
ing different flow fronts to converge and merge at pre-defined location. Flow front
velocity can be reduced by up to 98 % due to the local reduction of permeability.
Flow fronts align along the over-compacted area before continuing to propagate
within the compaction area.

The analytic description based on serial connection of different preform permeabil-
ities shows satisfying results predicting the flow front velocity depending on the
geometric conditions and compaction pressure. Flow front velocity along the flow
distance suddenly decreases within the compacted area in good accordance with
experimental results.

Injection experiments where two matrix materials are simultaneously processed
lead to excellent results. A test plate with a defined transition area and transition
line proves the process concept. The process design based on numerical flow simu-
lation is practicable. The HyMa test plate shows a defined matrix transition line as
well as a consistent transition area with dimensions between 6.64 mm and 8.53 mm.

In general, fluorescence image analysis on macroscopic and microscopic level is suit-
able for the assessment of the HyMa composite. Transition areas can be quantified
and mixing characteristics within the composite can be illustrated. The enhance-
ment of contrast between the different matrix material represents a viable approach
without influencing the process or the constituent materials.



84 Hybrid-matrix processing

The HyMa test plate shows no significant defects resulting from the temporary,
local over-compaction of the preform. Relative thickness deviations lie between
-1.17 % and -1.43 % at relevant positions and are in agreement with FVC in the
compacted and un-compacted areas. A distinct modification by the temporary over-
compaction cannot be identified. According to the amplitude of undulating rovings
no significant deviation in fiber course can be identified. Void content at relevant
positions shows no increase in void content within the over-compacted area where
flow fronts converge.



4 Material properties of carbon fiber
reinforced elastomer

The initial research questions need to be answered for the successful application of
carbon fiber reinforced elastomers (CFREs) within integral fiber reinforced hinges.

• Which matrix materials are suitable for the application in integral fiber rein-
forced hinges?

• Which properties and dependencies do they comprise when fiber reinforced?

Therefore, high strain as well as brittle matrix systems are pre-selected regarding
the fulfillment of existing requirements (e.g. processability, chemical compatibility,
and mechanical behavior) for the use in IFRH. Properties such as starting viscosity,
miscibility, and tensile properties are assessed and suitable matrix materials are
selected. In the second part of the chapter the selected matrix materials are fiber
reinforced and investigated regarding tensile properties. Properties such as tensile
strength, Young’s modulus, Poisson’s ratio, and the influence of cyclic loading on
tensile strength an stiffness is investigated for axis and off-axis reinforcements.
Furthermore, failure behavior is analyzed. The comprehensive investigation of neat
resins ranging from very soft to tough and brittle allows the distinct investigation
of matrix influence on composite properties. In Figure 4-1 the structure of the
following chapter is displayed.
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4.1 Assessment of suitable matrix materials

Three major criteria influence the selection process of suitable elastomeric and
thermoset matrix materials for IFRH:

• Processability

• Chemical compatibility

• Stress-strain characteristics

Processability

Related to the HyMa process and the findings presented in chapter 3, LCM pro-
cesses are focused for the manufacturing of hinge specimens. Though, infusion or
injection of polymers with high molecular weight (e.g. elastomers) represents a chal-
lenge since viscosity tends to be significantly higher as for conventional thermoset
resin systems. Koschmieder defines a viscosity limit of 30 Pa·s for the manufac-
turing of fiber reinforced elastomer (FRE) using wet winding and hand laminating
processes [53]. At these manufacturing processes the impregnation takes place layer
by layer dominantly through thickness direction with medium to high compaction
forces. Flow-paths of the resin are very small. The use of matrix materials with
high viscosity leads to acceptable composite quality [54].

LCM processes such as the resin infusion with flexible tooling (RIFT) or closed
mold processes such as resin transfer molding (RTM) show different impregnation
characteristics. Long in-plane flow-paths are common practice when large compos-
ite structures such as wind turbine rotor blades or structural car body elements
are manufactured. The initial viscosity as well as the curing kinetics of the matrix
systems play a decisive role regarding the realizable part size and part quality.
RIFT processes are limited to low infusion pressure (< 1 bar). In combination with
the permeability of the preform the viscosity predicts the maximal achievable part
size. Practical experiences lead to a limitation for RIFT processes of approximately
5 Pa·s for the impregnation of composite structures with up to 2.5 mm thickness
and fiber volume fractures of approximately 50 %. At the RTM process injection
pressure reachs up to 100 bar. A process limitation is presented by fiber washing.
High injection pressures in combination with high viscosity can lead to undesired
preform slippage in the mold. Fiber re-orientation, inhomogeneous fiber volume
contents as well as local over compaction can result in decreasing structural per-
formance or incomplete mold filling [119].

Regarding these processes, materials with low viscosity in combination with slow
cure reactions need to be identified.
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Chemical compatibility of mixed resin systems

At the HyMa process two resin systems are simultaneously infused or injected into
the composite. Hence, the flow fronts of the different systems merge in a liquid
state. It can be seen that mixing of the two matrix materials with different mixing
ratios of the two components exist. The constitutive materials need to be able
to co-cure resulting in a material with suitable properties in terms of mechanical
performance.

At fiber reinforced hinges a gradual transition of materials with a gradual transition
of mechanical properties represent a promising behavior. It is believed that a strict
material boundary between the flexible and rigid matrix material would lead to
stress peaks in the composite during bending and tension load. This relates to
the sudden change of stiffness properties. It is assumed that the bending load
distribution and properties like first failure and fatigue are strongly influenced by
the characteristics of the transition area.

Polymer mixtures based on two or more different species of polymer with a macro-
scopic homogeniouse character can be specified as polymer blend according to the
recommendation of the International Union of Pure and Applied Chemistry (IU-
PAC) [120]. In general blending or mixing of polymers is a common technique
to generate new polymers with enhanced properties regaring chemical resistancy,
termperature resistancy, mechanical performace, and processing capabilities [121].
Polymer blending allows the cost efficient and fast creation of new materials with
properties which might not be able to reach by single material development. An
application which is widely used and intensively studied is the toughening of brittle
matrix systems for composites. Liquid rubber or thermoplastic particles are mixed
into the resin system to enhance the fracture toughness and impact resistance of
the matrix [122][123][124]. The target is to generate tough material blends without
deficits in stiffness, strength or temperature resistance.

Besides polymer blends, interpenetrating networks (IPN) exist as a form of polymer
mixture. A IPN is comprised by two or more networks that are at least partially
interlaced on molecular scale but not covalently bonded to each other [120]. They
are build by synthesis methods where polymerization of monomers and crosslinkers
are a sequential or simultaneously performed [125][126]. They represent particular
polymer mixtures dominantly investigated on laboratory scale. It is assumed that
at the presented study where commercially available matrix materials are investi-
gated IPNs play no decisive role in comparison to polymer blends. Polymer blends
represent a physical mixture of two polymers as it is the case at the transition
areas. In the following, the focus is on particularities of polymer blends which are
more likely to be formed.
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Crucial for the characteristic of mixed resin material are the molecular structure
and the morphology. Mixed polymers present higher structural complexities than
homopolymers. The mixing characteristics are determined by the phase behavior
and different bonding mechanisms on micro- and macro-molecular level. This makes
it difficult to predict the properties of a material blend in advance.

In general three dominant types of blends exist which are defined by the IUPAC
as following [120]:

• Miscible blends (homogeneous polymer blend, present in a single material
phase)

• Im-miscible blends (heterogeneous polymer blend, present in different differ-
ent material phases

• Compatibility (exhibition of inter-facial adhesion between individual sub-
stances in either immiscible polymer blends or polymer composites)

It is stated that miscible blends show an intermediate property portfolio in between
the constitutent materials depending on the degree of mixture [127]. A gradual tran-
sition of mechanical properties from one component to the other is aspired at the
hybrid-matrix process in order to create a continuous transition of the mechanical
properties within the composite. Hence, it is the target to identify miscible resin
systems (elastomeric, thermoset) with suitable individual properties which can be
processed to generate integral fiber reinforced hinges.

Polymer blends showing miscibility have a single material phase at a certain range
of temperatures, pressure, and composition [120]. Miscibility of polymers is de-
pendent on the chemical structure, molar-mass, distribution, and molecular archi-
tecture. It is a thermodynamic property determined by the free energy of mixing
[128][127]. Blends show miscibility if following criteria are fulfilled (see Equation
4-1).

∆Gm = ∆Hm − T∆Sm < 0 (4-1)

∆Gm Free energy of mixture
∆Hm Enthalpy of mixture
T Temperature
∆Sm Entropy of the mixture
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Based on this necessary criterion partial miscibility might exist depending on the
component content. To guarantee complete miscibility over the entire range of
composition the following condition needs be fulfilled as well [127].

(∂2∆Gm

∂θ2
i

)T,P > 0 (4-2)

θi Volume fraction of component i
P Pressure

Besides this thermodynamic approach to prove miscibility a more practical method
for the ascertainment exists. Since miscible blends have a single material phase
they show only one glass transition temperature (TG). This criterion is widely
discussed in literature. Since TG does not fully represent a thermodynamic property
its liability is questioned [120]. Nevertheless, it was found that miscible systems
determined by the presented thermodynamic criteria all showed a single TG. Several
authors state that it is a sufficient criterion and common methodology to investigate
miscibility [129][121][130].

It needs to be stated that the field of research for polymer mixtures is extensive
and of specific nature. Investigations of miscibility, compatibilization, and charac-
teristics of polymer blends dominantly takes place at laboratory scale based on
monomer or polymer raw materials. Specially formulated materials are used to
analyze complex molecular interactions and bonding behavior.

In the presented study the focus lies on the identification of miscible elastomeric
and thermoset matrix materials which are commercially available.

Mechanical properties

To gain a comprehensive overview of the tensile behavior of flexible composites and
the matrix influence at composites the selection of matrix materials covers a wide
spectrum of strain properties. Polymer matrix materials can show various stress-
strain behavior from soft to tough-hard and brittle. An example for different load
responses of polymer materials can be seen in Figure 4-2.

At conventional CFRP applications brittle matrix materials are used since they
lead to high composite performance regarding stiffness and strength. Low elon-
gations at break, high tensile strength, sudden failure behavior, as well as linear
elastic deformation are characteristic features. Elastomeric polymers show the op-
posite behavior. High elongation at break, low tensile strength, strain softening,
strain hardening, and high non-linearity can be expected. In between the tough-
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Figure 4-2 Stress-strain behavior of polymers according to DIN EN ISO 527-1 [131][132]

hard plastics can be found. They can show high elongation at break, higher tensile
strength than elastomers, initial linear elasticity, and material yielding before fail-
ure.

It is believed that at integral fiber reinforced hinges characteristics of all three
polymers can be found. Due to the hybrid-matrix approach three material zones
exist where reinforcing fibers are embedded into a elastomeric matrix, a rigid ther-
moset and in mixtures of these two. Knowledge about the influence of the matrix
properties on the composite improves the prediction of the composite properties
and behavior at the different zones.

Pre-selected matrix materials

Commercially available materials have been identified for the investigation of CFREs
with regards to the application at fiber reinforced hinges (see Table 4.1). They rep-
resent systems fulfilling the requested material demands regarding processability
and strain properties. They are initially investigated regarding mixing behavior
and process relevant properties.

Existing studies of flexible composites dominantly use silicone matrix materials
[53][54][18]. The reason for this can be found at the high strain characteristics
and high temperature loads which silicone can undergo. The characterization of
CFRE in the presented study focuses on polyurethane (PU) matrix materials.
Polyurethanes represent a versatile material. As it can be seen in Table 4.1 PU
resins feature material properties reaching from rigid or brittle to soft. Since rigid
PU matrix materials are strongly used in the automobile industry reinforcing fibers
and textiles are commercially availability with sizing optimized for the application
of PU. In comparison to silicone matrix materials their bonding behavior to the
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fiber represents no weak point. For the use of silicone matrix materials fiber treat-
ment with primer solvents are usually required to gain sufficient fiber-matrix bond-
ing [50][53]. For the application at industrial scale and the intended manufacturing
processes for the test samples primer pre-treatment represents a excessive manually
effort and may lead to a modification of the reinforcement textile (i.e. distortion of
warp and weft rovings).

Table 4-1 Pre-selected matrix material: Young’s modulus (E), tensile strength (σR), elongation
at failure (εR) start viscosity (η25 ◦C) and potlife

Name Material E σR εR η25 ◦C Potlife
[GPa] [MPa] [%] [Pa·s] [min]

Biresin® CR80 Epoxy 3-3.4 65-76 3.6-4.3 0.2-0.4 45-330
Biresin® CRP75-15 PU 2.45 65 10 0.18 15
Biresin® 407 PU - 13 220 0.6 15
Biresin® U1404 PU - 3-4 >600 3 25
RE12840-1010 PU 4.5 40 5 0.8 30
RE12800-1020 PU 0.9 20 15 1.2 65
RE12560-1010 PU - 6 140 0.7 30-60
UR3420 PU - 3 950 0.9 23
Elastosil® RT625 Silicone - 6.5 600 12 60

4.2 Investigation of pre-selected matrix materials

In the following the pre-selected materials are investigated focusing on the com-
patibility between rigid and soft matrix systems, their process related properties
as well as their mechanical properties. The aim is to identify suitably material
combinations for the application in IFRH and to evaluate the influence of matrix
properties on the composite performance.

4.2.1 Mixing experiments

For the initial evaluation the pre-selected matrix materials are mixed in various
combinations. Each material combination is mixed at room temperature (25 °C)
with following mass related mixing ratios of component A (rigid matrix systems)
/ B (elastic matrix system): 25 % / 75 %, 50 % / 50 %, 75 % / 25 %. The two
components of the constitutive resin systems, resin and hardener, are initially mixed
according to the specified stoichiometric ratio given by the supplier. They represent
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the starting materials of the mixtures. The mixing process is carried out manually.
Total sample weight of the mixtures is 23 g ±1 g.

The experimental results (see Figure 4-3) reveal three dominant characteristics of
the mixtures: obviously not fully cured homogeneous blends, obviously fully cured
in-homogeneous blends, obviously fully cured homogeneous blends. Most of the
blended samples are not fully cured. They show strong discoloring, gel-like viscosity
and sticky surfaces. The samples remain in this state after 5 days of curing at 25 °C.
This behavior can be seen at all mixing degrees. It is assumed that the different
blend components show no molecular compatibility.
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Figure 4-3 Overview mixing experiments

The mixtures with silicone resin show a clear im-miscibility. Both constitutive parts
reveal separated phases after intensive mixing. It is noticed that both phases cure
individually without coalescing of silicone and epoxy.

Material combination of Biresin® CRP75-15 / Biresin® 407 as well as RE12840-
1010 / UR3420 show potential compatibility. The resin blends obviously co-cure
in a controlled manner and lead to a fully cured homogeneous polymer blend. No
discoloring can be identified. The color pattern of the samples seem to correspond
to the mixing degree and color of the constituent materials (see Figure 4-4).
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Figure 4-4 Constituent materials and mixtures of Biresin® 407 and Biresin® CRP75-15
with continuous coloration
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The material combination using the RE12840-1010, RE12800-1020 and the RE12560-
1010 systems shows a very short potlife. During mixing the blended systems imme-
diately start curing. It is ascertained that the polymer blend shows gel-like state
after 30 seconds. This suggests a strong interaction of polyol and isocyanat hard-
ener groups. The polymer mixes based on the Biresin® materials do not show this
behavior.

For the ongoing investigation of miscibility Biresin® CRP75-15 and Biresin® 407
are selected, due to the promising mixing behavior.

4.2.2 Determination of miscibility

For the determination of miscibility the TG criteria is used. If the mixed materials
show a single TG it can be assumed that the material features a single material
phase. The TG can experimentally be obtained by methods such as Differential
Scanning Calometry (DSC) or Dynamic Mechanical Analysis (DMA). In this study
the DSC method is used according to DIN EN ISO 11357-1 [133]. It involves dis-
tinct thermal characterization of neat resin samples. TG values are not derived via
temperature depending deformation behaviour as it is the case at DMA analysis.
They show a strong dependency on the load case (e.g. frequency and amplitude)
and specimen dimension [134]. The TG values are determined in compliance to
DIN EN ISO 11357-2 [135] using the inflection point method. Experiments are
performed using a TA Instruments DSC Q200. Closed aluminum pans are used.
The lids are equiped with a hole creating a self-generated atmosphere during the
temperature cycles [136]. Glass transition temperature of the thermoset material
is 83 °C according to the data sheet [137] measured by thermomechanical analysis
(TMA). Therefore, temperature cycle reaches from 10 °C to 110 °C. For the elas-
tomeric neat resin no TG is given. A temperature profile between -85 °C and 15 °C is
selected. For the blended materials TG is assumed to be in between the two consti-
tutive materials. Temperature profile reaches from -85 °C up to 110 °C. Heating and
cooling rate of 20 K/min is defined promoting a distinct identification of TG [136].
At lower temperatures the cooling rates are reduced due to cooling limitations of
the DSC device. Starting temperatures are held for at least 5 minutes to ensure
constant specimen temperature. Two temperature cycles are performed for each
specimen. With the initial heating cycle post curing reactions are eliminated. It
serves as a temper cycle, leading to constant pre-conditioning and curing degrees.
At the second cycle the TG value is determined. Three specimens of each material
are tested.

The following abbreviations are used for the materials in the ongoing investigations
(Table 4-2):
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Table 4-2 Abbreviation of constituent materials and mixtures

Abbreviation Materials Mass related mixing ratio
CRP75-15 Biresin® 407 / Biresin® CRP75-15 0% / 100%
Mix25 Biresin® 407 / Biresin® CRP75-15 25% / 75%
Mix50 Biresin® 407 / Biresin® CRP75-15 50% / 50%
Mix75 Biresin® 407 / Biresin® CRP75-15 75% / 25%
407 Biresin® 407 / Biresin® CRP75-15 100% / 0%

In Figure 4-5 the temperature profiles of the DSC runs for the neat resins (Biresin®

407, Biresin® CRP75-15) as well as for the mixtures are displayed.
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Figure 4-5 Time - Temperature profiles showing the two repeated DSC heating runs and the
respective temperature range

In Figure 4-6 representative heat flow - temperature curves can be seen. Their trend
follow characteristic profiles of materials with single glass transition temperature.
Constitutive materials as well as mixed materials show single steps in the heat flow
- temperature base line.

The appearance of one inflection point proves that the materials undergo a single
relaxation transition due to single phase existence. The strong difference in TG

values of the constituent material promote these findings. Difficulties to ascertain
miscibility which might be influenced by nearby TG values of constituent materials
can be excluded [129]. No degradation effects can be identified at the systems at
elevated temperatures up to the displayed temperatures.

It can be seen that the step in the base line of the heat flow temperature curve as
well as the inflection points constantly increase in temperature form the elastomeric
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Figure 4-6 Heat Flow - Temperature curves showing single inflection points and glass transition
temperatures of the constituent materials and the mixtures

material below 0 °C to thermoset material. The reason for that can be found at the
fact that the number of hard segments of the polyurethane increases with increasing
content of thermoset materials showing TG values above room temperature. Table
4-5 displays TG values of the materials.

Table 4-3 Glass transition temperature (TG)

Name ave. specimen weight TG coefficients of variation (cv)
[mg] [°C] [%]

407 11.95 -47.11 1.23
Mix75 11.16 10.42 4.70
Mix50 11.50 41.10 2.96
Mix25 12.44 51.22 4.94
CRP75-15 13.29 64.42 1.64

Though, mixed materials show wide glass transition regions. Glass transition prop-
erties are dependent on degree of cross-linking, the branching factor as well as the
morphology [138]. It is stated by Robeson [127] that wide glass transition zones
might be a sign of micro in-homogeneity. The different materials exist in separated
phases but on a microscopic level. It is stated by Dany [130] based on the findings
of Ultracki [139] and Keplan [140] that polymer blends show a single TG if the
different domains exhibit a diameter between 2 nm and 15 nm. Goh [129] states
that one TG indicates intimate mixing of two polymers on a scale of 10 − 30 nm.
For a comprehensive investigation of this aspect the glass transition values depen-
dent on the mixing degree can be analysed. Different analytic approaches exist
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for the prediction of TG of miscible and immiscible blends using the TG values of
the constitutive materials. They are based on the previous assumption that the
glass transition represents a thermodynamic transition of second order and that
a uniform glass transition is a sign of thermodynamics miscibility [130]. Derived
by the Couchman equation following simplification can be used know as Gordon-
Taylor-equation and linear approach to predict the glass transition dependent on
the mixing degree of binary blends [141][142][143].

• Gordon-Taylor-Equation:

TGB = w1TG1 + kw2TG2
w1 + kw2

(4-3)

• Linear:
TGB = w1TG1 + w2TG2 (4-4)

wi Mass fraction of the component i
TGB Glass transition temperature of the blend
TGi Glass transition temperature of the component i

Here, k is an empirical factor determining the degree of miscibility. If k equals 0
the blend is immiscible. If k is 1 complete miscibility is assumed, leading to the
linear behavior [130].

Figure 4-7 shows the development of TG according to the content of the elastomeric
material Biresin® 407. The Gordon-Taylor-Equation with a k factor of 3.4 leads
to a good approximation. A deviation of the experimental values from the linear
prediction assuming optimal miscibility can be seen. �TG reaches values of 8.8 °C
for 75 % elastomer content, 32.34 °C at 50 % elastomer content and 14.68 °C at 25 %
elastomer content.

It is stated that if �TG is higher 5 °C weak and if it is higher than 20 °C strong
hetero-interaction energys e.g. hydrogen bonding between the mixing partners in
miscible blends exist [130][128]. Besides this, the low system complexity which is
indicated by the parabolic course of the TG values [144] leads to the assumption that
well behaving miscibility exists at the presented system at the entire composition
range.

The experimental investigation using the TG criteria and the analysis of the TG

development confirm the assumption of existing miscibility of the two polymer
neat resins. It is believed that the extended glass transition region is caused by
the cross-linking properties and branching behavior of the polyurethane blends
with its different hard and soft segments composed of the constitutive polymers.
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Figure 4-7 Glass transition temperature dependent on elastomeric content: experimental DSC
values, linear approximation and determined using the Gordon-Taylor-Equation

Biresin® 407 and Biresin® CRP75-15 represent suitable matrix material in matters
of compatibility and are investigated regarding the fulfillment of processability and
mechanical properties.

4.2.3 Determination of viscosity and mechanical properties

Based on the pre-selection process as well as the compatibility investigations fol-
lowing materials are selected for the use in the study.

Table 4-4 Selected matrix materials for the experimental study and material data according to
manufacturer: Young’s modulus (E), tensile strength (σR), elongation at failure (εR),
start viscosity (η25 ◦C) and potlife

Name Strain E σR εR η25 ◦C Potlife
properties [GPa] [MPa] [%] [Pas] [min]

UR3420 high - 3 950 0.9 23
U1404 high - 3-4 >600 3 25
407 medium - 13 220 0.6 15
Mix75 medium - - - - -
Mix50 tough - - - - -
Mix25 tough - - - - -
CRP75-15 brittle 2.45 65 10 0.18 15

The selected matrix materials represent a wide range of strain properties. Next to
the Biresin® CRP75-15 which represents a conventional injection resin for compos-
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ites applications with rigid matrix behavior elastomeric materials are selected with
strain capacities up to 950 %. The investigation of blended PU systems enriches the
study since tough stress-strain relation is expected. As it can be seen in Table 4-4
for the elastomeric polymers as well as the blended materials necessary material
data regarding viscosity, stress-strain behavior and Young’s modulus is not avail-
able. Besides, no information on fiber-matrix bonding can be found. The following
material characterization focuses on the determination of the unknown material
properties, the qualitative analysis of fiber-matrix bonding, and the establishment
of a consisted material database.

Viscosity properties of matrix materials

Decisive for the investigation and application of the selected matrix materials
within composite materials are the viscosity properties and the curing kinetics.
It needs to be guaranteed that the elastomeric resin systems with high start viscos-
ity impregnate the fiber reinforcement on a macroscopic and microscopic level (e.g.
between rovings and in between rovings). Knowledge about the viscosity course de-
pendent on time is inevitable for a complete impregnation as well as reproducible
and high quality composite parts.

In the experimental investigation start viscosity as well as the viscosity course up
to 5000 mPa·s is the determination. It is believed that 5000 mPa·s represents a crit-
ical viscosity value for the impregnation of fiber reinforcements at LCM processes
representing a processsing limit. Viscosity measurements are conducted according
to DIN EN ISO 3219 [145] and DIN EN ISO 53019-1 5[146]. A cone / plate test
setup is used at a MCR 302 Rheometer (Anton Paar GmbH, Graz). Isotherm tests
are performed at room temperature (23 °C).

Reactive polymer systems tend to show non-Newtonian viscosity properties featur-
ing strain rate dependency. Prior to the viscosity measurement shear rate depen-
dency of the selected materials is investigated by means of shear rate sweeps. Shear
rate is constantly increased from 0.1 s−1 to 10000 s−1 and reduced to 0.1 s−1. Vis-
cosity development is investigated if next to regular curing effects (e.g. increase in
viscosity) shear rate influences exist. Figure 4-8 displays a representative shear rate
sweep viscosity course of Biresin® 407. It can be seen that at elevated shear rates
viscosity suddenly decreases. It increases again at decreasing shear rates. In this
shear rate range above 1000 s−1 viscosity shows a shear rate dependency.

Based on the shear rate investigation a shear rate of 10 s−1 is determined for
the measurement of the dynamic viscosity of the different matrix materials. It is
found that at this shear rate no shear rate induced irregularity at the investigated
materials exist.
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Figure 4-8 Shear rate sweep Biresin® 407 showing shear rate dependency of the viscosity above
1000 s−1

In Figure 4-9 the viscosity development over time and in Table 4-5 the start vis-
cosity as well as the time till 5000 mPa·s is reached are displayed.
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Figure 4-9 Viscosity development over time of the commercial resin systems

Start viscosity includes the preparation time of the specimen (i.e. mixing, insertion,
starting of measurement). It is determined after 200 seconds. Herewith, comparable
values can be extracted. Start viscosity for the mixed materials is determined via
the rule of mixture. Measured starting viscosity of the two constitutive materials
is added according to the composition. Starting viscosities can be found between
358 mPa·s for the Biresin® CRP75-15 up to 3705 mPa·s for the elastomeric Biresin®
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U1404. It can be seen that Biresin® 407 shows strong curing behavior, leading to
short process times (506 s) till 5000 mPa·s are reached.

Table 4-5 Start viscosity and time till processing limit

Name Dynamic viscosity rel. Deviation t5000 rel. Deviation
[mPa·s] [%] [s] [%]

UR3420 887 1.24 1426 3.7
U1404 3705 3.64 353 2.78
407 1932.5 7.21 506 11.11
Mix75 1538.88 - - -
Mix50 1145.25 - - -
Mix25 751.63 - - -
CRP75-15 358 3.07 2778 8

The results underline the common fact that elastomers show high start viscosity
in combination with strong curing kinetics, leading to short process windows.

Hardness properties of matrix materials

Hardness represents a material property allowing the comparison of different mate-
rials with strong application orientated aspects. Especially elastomers are assessed
according to their hardness. It does not represent a physical dimension and it is
strongly dependent on the testing methodology. For polymer materials Shore A
(soft materials) and Shore D (hard materials) are commonly used methods. They
differ in shape of the penetrating indenter.

Determination of hardness is proceeded according to DIN EN ISO 868 [147] with
a dwell time of 3 seconds. Both methods are performed at each material since the
selected materials cover a wide range of hardness properties from hard to soft.
Acceptable range of values according to DIN EN ISO 868 is 10 < Shore A < 90
and 30 < Shore D < 90.

In Figure 4-10 the hardness properties can be seen. Values are displayed in table
4-5. Shore A results of the elastomers show good correlation to the specified values
given by the suppliers.

Shore D values of the Biresin® 407, Biresin® CRP75-15 and the mixes show a linear
development underlining the theory that the identified materials are miscible and
that the mixes exhibit in between properties.

Certainly, in literature theoretical and practical approaches can be found transfer-
ing the technical dimension Shore A (ShA) hardness into the physical dimension of
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Figure 4-10 Hardness properties of selected materials

the compression modulus. Based on the theory of Boussinesq, Kunz [148] presents
an equation and empiric determined constants (C1, C2, C3):

E = 1 − ν2

2RC3
· C1 + C2ShA

100 − ShA

(4-5)

C1 = 0.549 N
C2 = 0.07516 N
C3 = 0.025 mm
ν = 0.5
R = 0.395 mm

Based on the theoretical assumption that elstomers are incompressible, the Pois-
son’s ratio ν is 0.5. The indenter radius R used at the tests is 0.395 mm.

According to Kunz [148] for small deformation the compression modulus and tensile
modulus show small deviation within linear-elastic deformation behavior. For the
elastomeric materials with shore A values below 90 the Young’s modulus can be
determined according to Equation 3-6 (see Table 4-5).

Tensile properties of selected matrix materials

The selected matrix materials offer a wide range of mechanical properties. Brittle to
tough up to medium and high strain characteristics can be found. To allow the dis-
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Table 4-6 Young’s modulus from Shore A hardness

Name Hardness Young’s modulus E
[Shore A] [MPa]

UR3420 48.46 3.09
U1404 45.34 2.75
407 85.98 18.99
Mix75 87.98 22.62

tinct evaluation of matrix influence on tensile properties of the composite material
and to establish a database for the design of IFRH tensile tests are performed.

The preparation of test samples and the experimental characterization of rubber
and elastomers is described in the following standardizations: ASTM D412 [149],
DIN 53504 [150], ISO 37 [151], DIN ISO 23529 [152]. They show strong compliance
regarding specimen geometry, specimen dimension, testing conditions, and testing
speeds. It can be noticed that for the characterization of elastomeric materials high
displacement velocity is defined reaching from 200 mm/min up to 500 mm/min. It
is believed that testing speed is high to reduce the influence of visco-elastic material
behavior. Quasi-static deformation may lead to stress-relaxation of the material and
a strong deviation of the measured stress-strain properties. Thus, to establish an
overview on strain rate dependency, elastomeric materials (Biresin® 407, Biresin®

U1404 and UR3420) are tested quasi-static and at elevated test speeds according
to the elastomer standardization.

Regarding specimen geometries a large number of specimen types exist. Next to the
general distinction between dumb-bell and ring test specimens different dumb-bell
geometries exist. It is stated in ISO 37 [151] that tension properties like tensile
strength, elongation at break, stress at given elongation, and elongation at given
stress strongly depend on the specimen geometry. A direct comparison of materials
is possible if the same specimen geometries are used.

In general, dumb-bell specimens are recommended for the determination of me-
chanical properties since ring test specimen tent to show much smaller values for
tensile strength. In ISO 37 an experimental and simulative validation of test speci-
men geometries is presented. For the determination of material properties specimen
type 1A with a length of 150 mm is recommended due to low notch effects and uni-
form strain distribution at the notch area. Since the elastomeric matrix materials
show high elongation at break there is the risk to exceed the traveling distance of
the testing machine. Due to this, next to geometry 1A specimen type 2 is chosen
for the medium strain rate tests. The overall length (75 mm) and the testing length
(25 mm) are small and show a good length to failure validity ratio [151].
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For tough and brittle materials the determination of tensile properties is described
in DIN EN IS0 527-1 [131] and DIN EN ISO-2 [153]. Specimen type 1A is chosen for
the determination of tensile properties with a free measurement length of 50 mm.
Quasi-static deformations are aspired with machine speeds of 5 mm/min.

Elastomeric specimens are cut from 2 mm and 4 mm thick test plates respectively to
the specimen type. Test plates are manufactured in a closed mold casting process.
The material is degassed before casting to reduce air entrapment which may lead
to defects in the test specimens. All systems are cured at room temperature (23 °C)
according to the individual curing times to reach full cure.

Test specimens of blended polymers and thermoset polymer are cut from test plates
manufactured according to the elastomer test plates. The thermoset material and
the blends cure at room temperature. The maximum operation temperature of
the thermoset material defined by the manufacturer is 80 °C. Since no material
degradation was identified at the TG measurements of the blended materials at
temperatures up to 100 °C, it is found that 80 °C represents a suitable maximum
temperature for the subsequent temper process. The temper cycle consists of a
temperature ramp starting at 25 °C with 10 K per hour up to 80 °C followed by 10
hours dwell time and a cooling ramp with 10 K per hour to room temperature.

Strain is measured using digital the image correlation systems ARAMIS (Version
6.3.0, GOM mbH, Braunschweig/ Germany). Since strain in x- and y-direction can
be measured Poisson’s ratios of the polymers can be determined.

In Figure 4-11 representative curves of the stress-strain behavior of the elastomeric
matrix materials can be seen. Biresin® U1040 and UR3420 show typical stress-
strain behavior of rubber elastic materials. UR3420 starts with stiff deformation
behavior followed by strong stress-softening and material yielding up to failure.
Biresin® U1404 represents stress-softening and stress-hardening at elevated deflec-
tion. Biresin® 407 shows higher stiffness and non-linearity up to failure.

Only minor influence of strain rate can be identified for the elastomeric mate-
rials. Stress-strain responds show no significant deviation throughout the entire
strain range. Thus, elongation at failure is 19 % ± 1 % higher for Biresin® U1404
and UR3420 at elevated strain rates. At tensile test with elevated strain rate the
ARAMIS system fails to measure the strain up to specimen failure of Biresin® 407
specimens.

In Figure 4-12 the elastic modulus of Biresin® U1040 as a function of strain can
be seen. The material response to elongation shows strong non-linearity. Elastic
modulus decreases significantly up to 100 % strain. This behavior is followed by a
plateau of constant stiffness up to 275 % strain. At elevated strain elastic modulus
increases rapidly before the material fails. In Figure 4-13 the stress-strain responds
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Figure 4-11 Stress-strain behavior of elastomer matrix materials at different strain rates

0 50 100 150 200 250 300 350 400
0.00

0.25

0.50

0.75

1.00

1.25

1.50

 U1404

E
la

st
ic

 m
od

ul
us

 [M
P

a]

Strain X  [%]

Figure 4-12 Elastic modulus-strain behavior of elastomer matrix material (U1404)

of the blended PU matrix materials and the thermoset material Biresin® CRP75-
15 can be seen. Stress-strain responds differ significantly. Stress levels successively
decrease with increasing content of elastomeric material. Biresin® CRP75-15 shows
conventional stress-strain responds with linear-elastic deformation followed by a
peak in stress. Mix25 shows tough stress strain behavior. The peak in stress is
followed by strong material yielding and successive decrease of tensile stress. Max-
imum stress can be found 40% below the un-mixed thermoset Biresin® CRP75-15.
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Figure 4-13 Stress-strain behavior of mixes and thermoset matrix material

Mix50 exhibits strong strain softening comparable to the stress-strain behavior of
the elastomer. Thus, nearly linear elastic deformation behavior can be identified
at elevated strain. Mix75 shows linear-elastic deformation behavior throughout the
entire strain range.

In Table 4-7 the tensile properties of the matrix materials can be seen. Young’s
moduli of the elastomeric matrix materials (UR3420, Biresin® U1404, and Biresin®

407) are determined between 1% and 5% strain. Young’s moduli of the mixtures
and Biresin® CRP75-15 is determined according to DIN EN ISO 527-2 [153].

Table 4-7 Tensile properties of selected matrix materials: Young’s modulus (E), tensile strength
at failure (σR), Poisson’s ratio, and coefficients of variation (cv)

Name E cv σR cv Poisson’s cv

[MPa] [%] [MPa] [%] ratio [%]
UR3420 5.48 7.49 1.22 3.43 0.49 0.61
U1404 1.85 0.28 1.65 4.35 0.48 0.15
407 22.88 3.59 9.6 5.92 0.49 0.24
Mix75 13.75 9.91 8.38 3.98 0.46 0.57
Mix50 66.74 9.12 15.29 3.46 0.47 0.27
Mix25 1155.89 4.7 37.1 6.76 0.44 1.58
CRP75-15 2480.26 1.52 62.55 8.48 0.39 3.32

The results of the tensile test give insight into the differences between the se-
lected matrix materials. Strong non-linear stress-strain behavior with stress stiff-



106 Material properties of carbon fiber reinforced elastomer

ening and softening exist at the elastomeric matrix materials. They are the results
of molecular entanglement, bond rupture, and crystallization effects which occur
when rubber-elastic materials are stretched [59]. The stiffness-strain dependency
represents a major challenge since a discrete value for the material stiffness can
hardly be defined. The selected strain section where the secant modulus is deter-
mined strongly influences the final elastic modulus.

Regarding brittle and tough matrix materials the influence of the elastomer com-
ponent within the mixtures can clearly be seen. The rising amount of long chained
molecules with reduced number of rigid cross-linking possibilities leads to a succes-
sive reduction of tensile strength and a significant change in stress-strain behavior.
The results encourage the findings of the miscibility investigations since Young’s
modulus and tensile strength of the blended materials can be found in between
the constituent materials. The only exception can be found at the Young’s modu-
lus and tensile strength of Mix75. Values are below the results of the constituent
material Biresin® 407.

Investigation of fiber-matrix bonding

Fiber-matrix bonding of the selected matrix materials is qualitatively evaluated
based on scanning electron microscope (SEM) images of fracture surfaces. SEM
images are taken using a JEOL JSM 5900LV (JEOL USA, Inc.,Peabody/ USA).
As reinforcement material Hexforce® G0926 [105] is selected since it represents
the material of choice for the investigation of fiber reinforced elastomers in the
following chapter. Figure 4-14 displays the results for the commercially available
resin systems.

It can be seen that fibers are completely or part-wise coated with matrix material.
Especially for Biresin® CRP75-15 and Biresin® 407 fracture surfaces reveal that no
exposed fibers exist. Excessive resin resides at the fibers can clearly be identified
at fracture surfaces of U1404 and UR3420. Thus, differences can be seen between
the high elastic matrix materials. At the UR3240 carbon fiber reinforced specimens
less matrix residuals are visible.

It can be stated that for the selected PU materials high fiber-matrix bonding
exists. This can be derived from adhesive failure of the polymers matrix which can
dominantly be identified. Adhesive bonding is stronger than the inherent strength
of the polymers. Good to very good fiber-matrix bonding is assumed for the selected
matrix materials.
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Figure 4-14 Fiber-matrix bonding of the selected resin systems
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4.3 Investigation of carbon fiber reinforced
elastomers

CFRE offers a large potential for future application in morphing structures, due
to their ability for large elongation in off-axis direction and high load carrying
ability in fiber direction. The properties of CFRE are predicted by individual char-
acteristics of the constitutive materials and their setup. The main reason for this
is: non-linear stress-strain behavior of elastomeric materials, fiber-reorientation in
soft matrix, strain straightening of crimped fibers. These effects make it difficult
to predict strength and stiffness properties of CFRE by analytical methods like
the classic laminate theory or by finite element simulation based on classic mate-
rial models. Experimental investigations can provide insight into the behavior of
CFRE under tension loading and the influence of matrix properties on composite
performance.

This chapter aims at the investigation of tensile properties of CFRE and their
dependency on the matrix properties (e.g Young’s modulus, tensile strength). Al-
though tensile properties at CFRP (i.e. in fiber direction) are dominated by the
fiber properties it is believed that elastomeric matrix materials strongly reduce
tensile stiffness and strength of the composite. Therefore, tensile tests and cyclic
tensile tests are conducted to quantify the influence of the matrix material. Fiber
reinforced specimens based on the material selection in the previous chapter are
tensile tested in fiber direction (axis orientation) and in 45 off-axis orientation.
Digital image correlation is used for three dimensional strain measurement.

4.3.1 Contribution to the state of the art

Fiber reinforced elastomers represent a material with high scientific interest. Re-
search activities of the last 50 years focus on the mechanical characterization as well
as analytic and simulative description of stress-strain properties. Therefore, unan-
swered questions exist. The presented study aims at the extension of knowledge
concerning the following topics:

• Textile reinforced elastomers based
on carbon fibers

• Specimen manufacturing using in-
dustrial applied vacuum assisted
resin infusion processes (VARI)

• Thick specimens (approximately
2 mm) compared to existing ap-
proaches

• Medium to high strain matrix ma-
terials

• Investigation of Poisson’s ratio
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• Investigation of tensile strength • Investigation of failure behavior

Modern applications at shape morphing structures introduce the utilization of tex-
tile fiber reinforcement materials based on carbon fibers. Compared to cord, glass
and aramid fibers, carbon fibers offer higher stiffness and strength properties and
lower elongation at break. The disparity between elastomeric matrix and fiber
properties is increased by the application of carbon fibers. Furthermore, textile
structure represents unique properties combined with elastomeric matrix materials
due to the fiber crimp and geometrical straightening. Hoffmann [50] experimentally
investigates tensile properties of woven reinforced elastomers and the dependency
of number of layers in particular. Thus, only view information is given on actual
values for the axis tensile stiffness, tensile strength and the general failure behavior.

Besides, dominantly manual manufacturing processes based on manual filament
winding, wet laminating or combined wet-laminating / autoclave curing processes
are used to realize test specimens. This fact leads to stated deviation in specimen
quality and reproducibility. Especially at FRE composite properties are extremely
sensitive to fiber angle deviations, porosity, varying FVCs, and specimen geometry.
It is aspired to eliminate quality deviations and specimen variations by reproducible
manufacturing processes and conditions. Based on the matrix selection vacuum
infusion processes are used for the manufacturing of all specimens in this study.

In literature predominantly higher elastic or hyperelastic matrix materials are in-
vestigated, with elongation at break values above 1000%, in combination with car-
bon fiber reinforcement. Medium elastomeric matrix material with elongations at
break values between 50 % and 500 % cannot be found. Peel [54] states that this is
an existing gap since possible aerospace applications might presents requirement
portfolios with moderate deformation.

Based on limited experimental possibilities Poisson’s ratio at tensile FRE specimens
could not be the determination in existing literature. Authors forecast non-linearity
dependent on tensile strain, fiber angle, textile architecture, and matrix properties
but were not able to experimentally evaluate the assumptions and models. Hoff-
mann [50] used a contact-less, optical measurement methodology for the tensile
investigation of CFRE. It is highly suitable for the analysis of large areas of in-
terest as well as large strain fields and allows the determination of longitudinal
and transverse strain. This analysis methodology is used in the presented study to
determine Poisson’s ratio and its dependency on tensile strain, reinforcement angel
and matrix properties.

So far, experimental investigations regarding tensile strength of CFRE presents
challenges. Necessary failure loads could hardly be introduced into the CFRE spec-
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imens tested in fiber direction [50][54][53][71]. The reason is fiber slippage in the
soft matrix material or failure of load application tabls. Required clamping forces
lead to compression failure of the specimens since matrix compression stiffness and
strength is low. Consistent determination of tensile failure properties of CFRE
tested in fiber direction cannot be found. Hence, this study aims at the determina-
tion of tensile strength of axis (0/90°) reinforced elastomers and the identification
of failure behavior when tested in fiber direction.

4.3.2 Methods and materials

In the presented study following material parameters are experimentally deter-
mined for fiber reinforced elastomeric, tough and brittle matrix materials based on
woven carbon fiber reinforcement following DIN EN ISO 527-4 [154] and DIN EN
ISO 14129 [155]. Axis layups with 0/90° (warp/weft) orientation as well as off-axis
layups with ±45° (warp/weft) fiber orientation are investigated (see Figure 4-15).
The uniaxial tensile tests are performed in X direction.

• Tensile strength (axis layup)

• Elongation at tensile strength
(axis layup)

• Young’s modulus (axis layup and
off-axis layup)

• Poisson’s ratio (axis layup and off-
axis layup)

• Shear modulus (off-axis layup)

• Stress-displacement behavior (axis
layup)

• Stress-strain behavior (axis layup
and off-axis layup)

• Stress-strain behavior under incre-
mental increasing cyclic loads (axis
layup and off-axis layup)

Based on this data comprehensive correlations regarding the influence of the matrix
properties on the composite characteristics can be studied.

As fiber reinforcement the carbon fiber 5H satin fabric HexForce® G0926 [105]
is chosen. It is made up of Tenax® HTA 40 E13 6K rovings [156]. It has an areal
weight of 375 g/m2 and represents a common certified composite fabric for aviation
application. This material possesses optimal properties for the application in IFRH
since the weaving pattern allows for low fiber crimp, leading to high mechanical
performances and high drapability. It is assumed, that the drapability properties
resulting from low shear stiffness and high shear deformation till fiber locking,
support the overall deformation process during bending. Hereby, the risk of early
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fiber buckling or delamination might be reduced. As matrix materials the previously
selected and characterized materials are applied4 (see Table 4-4).

Manufacturing of fiber reinforced elastomer test specimens

For the fiber reinforced specimen test plates are manufactured with axis 0/90°
(warp/weft) fiber orientation and off-axis ±45° (warp/weft) fiber orientation (see
Figure 4-15). Five layers of fiber reinforcement are used, leading to an aspired plate
thickness of 1.9 mm ± 0.2 mm. Hoffmann [50] states that specimen width has an
significant influence on the material properties and stress-strain responds at tensile
tests. His analysis regarding variation in specimen width reveals that tensile speci-
mens with 25 mm width show the lowest influence on stiffness properties. Based on
these results the specimen dimension is determined to 25 mm width and 250 mm
length. These dimensions correlate with the corresponding standardization DIN
ISO 527 [154].

The manufacturing of the test plates is based on the hybrid-matrix vacuum infusion
process [86]. The reason can be found at the intention to realize rigid clamping
areas at the ends of the CFRE specimens (see Figure 4-15). Here, high clamping
compression forces can be introduced into the specimen ends without crushing
the specimen. High clamping forces are necessary to introduce high tensile stress
into the specimen. It is aspired to reach tensile strength of the CFREs before
specimen slippage occurs. Herein, the specimens deviate from the standardizations
DIN EN ISO 527-4 [154] and DIN EN ISO 14129 [155] regarding specimen design
and specimen manufacturing.

The rigid composite areas at the end of the specimen cover approximately 50 % of
the region of the load tabs (see Figure 4-15). The intention is on the one hand to
prevent stress concentrations in the specimen at the end of the load tabs, on the
other hand to reduce the influence of the rigid composite ends on the stress-strain
behavior of the free measurement length.

At the specimen ends Biresin® CRP75-15 is applied as rigid matrix material. For
the rest of the specimen the respective matrix material is applied according to the
previous matrix selection (see Table 4-4).

For the assessment of specimen quality FVC and void contents are determined
according DIN EN 2564 method A [118] by wet-chemical digestion. From each
composite test plate three specimens are taken at different positions. In Table

4From here, abbreviation UR3420, U1404, 407, Mix25, Mix50, Mix75, CRP-75-15 apply to fiber
reinforced specimens or materials
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Figure 4-15 Axis and off-axis specimens with warp and weft orientation, testing direction, di-
mension and rigid fiber embedding at the specimen ends

4-8 the results as well as thickness measurements of the carbon fiber reinforced
specimens can be seen.

FVCs lie between 47.8 % and 57.6 %. Void contents range from 0.97 % to 3.13 %.
Very low coefficients of variation can be seen, leading to the assumption of robust
manufacturing processes.

The overall mean value of the FVC for axis specimens is 54.3 % with a coefficient
of variation of 5.6 %. For off-axis specimens the overall mean value is 53.6 % with a
coefficient of variation of 5.41 %. Normalization of the tensile stiffness and strength
at the following results is based on these overall mean FVC values.

Experimental procedure and strain measurement

Tensile tests are performed according to DIN EN ISO 527-1 [131], DIN EN ISO
527-4 [154], and DIN EN ISO 14129 [155] using two universal tensile testing ma-
chines Inspect table 250 and Inspect table 100 (Hegewald Peschke Mess- und
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Rigid matrix material
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Figure 4-16 CFRE specimen and transition area at load tabs

Table 4-8 Specimen thickness, fiber volume content (FVC), void content (VC), coefficients of
variation (cv), and overall mean FVC

Specimen Thickness FVC VC
Mean cv Mean cv Mean
[mm] [%] [%] [%] [%]

UR3420 axis 1.87 1.08 57.62 1.11 1.35
off-axis 1.95 0.57 55.3 0.66 1.03

U1404 axis 1.85 0.35 57.17 0.6 0.97
off-axis 1.86 0.38 56.36 0.65 1.17

407 axis 1.95 1.92 49.41 0.3 1.22
off-axis 2.06 0.58 47.81 2.1 1.47

Mix75 axis 2.03 4.57 52.37 0.8 1.17
off-axis 1.95 0.82 52.53 1.25 1.17

Mix50 axis 1.92 1.06 51.22 0.79 1.15
off-axis 1.99 1.19 51.71 1.22 1.03

Mix25 axis 1.89 0.97 56.82 0.26 1.25
off-axis 1.9 0.9 55.4 0.3 1.64

CRP75-15 axis 1.9 0.86 55.76 0.56 1.99
off-axis 1.93 0.85 56.28 0.25 3.13

Overall mean FVC axis 54.3 5.6
Overall mean FVC off-axis 53.6 5.41

Prüftechnik GmbH, Nossen/ Germany). They can be equipped with a load cell
with 1 kN, 100 kN and 250 kN maximum load capacity. Since significant differences
between load capability of the axis and off-axis specimens are assumed the load
cell adaptation allows precise measurements.

Deflection velocity corresponds to quasi-static standardized tests with 2mm/min
for axis fiber reinforced specimens. Testing speed for off-axis specimens is 2mm/min
up to an elongation of 5% ±1 %. Continuative testing is proceeded with 50mm/min
to reduce time and data of the test since off-axis CFRE show high strain proper-
ties. According to DIN EN ISO-14129 the failure criterion for ±45° specimens is
determined at 5% strain if no actual failure occurs before. The reason for this is the
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intensive re-orientation of the fiber. Significant composite properties can only be
determined within the 5 % elongation limit. At least 5 specimens of each material
setup and fiber orientation are tested in X direction.

Strain measurement during the tensile test is realized using the contactless, 3D
optical measurement systems ARAMIS (Version 6.3.0, GOM mbH, Braunschweig
/ Germany). Based on digital image correlation (DIC) the deformation of specimens
is detected at the surface. Aramis recognizes the surface structure at images and
assigns coordinates to pixels. During deformation ARAMIS records images of the
surface and the displacement. The system correlates the images and calculates
the displacement of the pixels and thus the deformation of the specimen for each
image. A comprehensive overview of the methodology, the accuracy, and algorythm
detailes is given by Pan et al. [157].

The advantages of DIC compared to methods such as contact extensometer, video
extensometer or strain gauge are following:

• Contactless measurement

• Measurement of 2D and 3D defor-
mation

• Full-field measurement of strain

• Continuous graphic analysis of de-
formation

The characteristics and advantages of ARAMIS can be benefically used for the anal-
ysis of CFRE. Hoffmann [50] stated that unidirectional multi-layer fiber reinforced
elastomers show strong strain in-homogeneity based on the fiber reinforcement. Es-
pecially at off-axis specimens local strain measurement at single positions lead to
strong deviation in strain values and reduce the validity concerning actual material
behavior. Due to the fact that the ARAMIS system can capture large regions of
interest at the specimen local in-homogeneity can be identified and analysed. For
the presented study the specimens are base coated with black water based pigments
and sprinkled with white pigments to generate a stochastic color pattern with high
contrast.

Determination of strain analysis area

Based on the optical data, strain can be determined at the entire specimen sur-
face. However, a virtual strain gauge needs to be defined to set the limits of the
analysis area. To allow a differentiated measurement of the strain under tension
loading strain distribution is investigated prior to the determination of material
properties. The intention is to pre-assess the measurement and analysis method
and to understand the strain behavior of CFRE with high strain matrix material.
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In Figure 4-17 typical tensile strain distribution at a representative load level at
the specimen surface of an off-axis reinforced high strain composite can be seen.
Strong strain in-homogeneity is noticeable. Tensile strain reaches from 0.4 % to
1.4 % within the same off-axis specimen. This behavior is supported by the textile
architecture of the woven reinforcement. Single rovings and their orientation are
clearly visible.

Figure 4-17 Strain distribution at an off-axis CFRE specimen measured with ARAMIS and
different measurement area

To evaluate the influence of the measurement area, representative axis and off-
axis specimens of UR3429, U1404, and CRP75-15 are analyzed using different sizes
of measurement area (see Figure 4-17). The stress-strain responses are compared
using the Young’s modulus to identify possible deviations and dependencies on the
measurement area. Measurement areas with 10 mm and 20 mm width are located
centric into the measurement field. Measurement length varies from 10 mm up to
100 mm.

As it can be seen the selected measurement area has significant influence on the
correlating Young’s modulus. At CFRE specimens the material properties show
coefficient of variation between 8 % and 11 % for the Young’s modulus. At the
conventional brittle composite specimen (CRP75) the Young’s moduli poses less
dependencies on the analyzing area for axis and off-axis specimen since the co-
efficients of deviation are small. It can be seen, that the Young’s modulus of the
U1404 off-axis specimen increases constantly with an increasing measurement area.
A sequence of constant values which indicate independent strain measurement re-
garding the measurement area cannot be identified. Based on the results a constant
measurement area for the analysis of all specimen is selected correlating to the mean
value of the determined Young’s moduli. A measurement area of 20 mm width and
60 mm length is selected.



116 Material properties of carbon fiber reinforced elastomer

Table 4-9 Comparison of measurement area, virtual strain gauge dimension and corresponding
Young’s modulus

Axis Off-axis
Length x Width UR3420 U1404 CRP75 UR3420 U1404 CRP75-15
[mm x mm] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
10 x 10 17016 24808 62828 212 99 13841
20 x 10 14116 26309 62063 215 91 14072
20 x 20 13176 25050 62030 216 95 13819
60 x 10 15995 26142 61733 224 106 13659
60 x 20 14823 25563 61746 227 109 13514
100 x 10 15636 26334 61663 219 122 13690
100 x 20 14291 25827 61685 219 123 13623
Mean value 15008 25719 61964 219 106 13745
stand. deviation 1201 563 383 5 12 169
coef. of vari. [%] 8.01 2.19 0.62 2.16 11.06 1.23

4.3.3 Results: Axis CFRE specimens

Stress-strain behavior

In Figure 4-18 representative stress-strain curves of 0/90° fiber reinforced specimens
are displayed. The strain values in the presented diagrams and tables represent the
average value of the strain measured by ARAMIS at the defined area of interest.
The stress-strain relation displays the specimen behavior up to initial fiber failure.

The tested composite materials show distinct differences in their stress-strain rela-
tion. General stress level decreases for composites with thus, medium, and highly
elastic matrix material. Thus, the initial slope of the specimen decreases from
CRP75-15 to UR3420. The CRP75-15, Mix25 and Mix50 fiber reinforced speci-
mens show linear elastic tensile properties until failure. At fiber reinforced plastics
and elastomers with Mix75, 407, U1404 and UR3420 matrix a bi-linear stress-strain
relation can clearly be identified. The initial linear elastic response is followed by
non-linear strain-hardening and a second linear elastic section with increased slope
at elevated strains. It can be seen that the length of the initial strain section of
the linear elastic responds shows strong deviations between the materials. At the
high strain polymers (U1404, UR3420) this strain section ends at 0.4 % to 0.45 %
strain. Medium strain elastomers like 407 and Mix75 show an initial linear elastic
behavior up to 0.15 %. Besides it can be seen that elongation at initial failure varies
between the rigid, tough, and high strain matrix materials.
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Figure 4-18 Representative stress-strain relation of axis specimens

Table 4-10 shows Young’s modulus values of the axis specimens. Young’s modulus
is determind according to DIN ISO 527-1 [131]. The values are normalized to the
overall mean FVC values (see Table 4-8) of all axis specimens based on DIN EN
3783 [158]. The elastic modulus is determined between 0.05 % and 0.25 % strain.
Since the CFREs show a second linear elastic section a second elastic modulus is
determined to quantify the stiffening due to fiber straightening. The second elastic
modulus is determined between 0.5 % and 0.8 % strain. It is found that all CFRE
specimens show linear elastic behavior at this strain section.

Table 4-10 Normalization factor, nor. Young’s modulus (Eaxis), nor. Young’s modulus
(Eaxis(0.5%−0.8%)), coefficient of variation (cv), and stiffening factor (SF )

Name nor. Factor Eaxis cv Eaxis(0.5%−0.8%) cv SF
[MPa] [%] [MPa] [%]

UR3420 0.94 19043.31 8.54 36788.11 2.89 1.93
U1404 0.95 23709.91 12.52 41971.35 2.42 1.77
407 1.1 46216.06 8.73 52693.53 7.74 1.14
Mix75 1.04 41172.76 4 56615.38 5.85 1.38
Mix50 1.06 54391.93 1.83 59016.71 2.66 1.09
Mix25 0.96 56992.97 1.72 60359.24 1.97 1.06
CRP75-15 0.97 59264.96 2.24 62194.69 1.82 1.05

It is apparent that the CFRE show high coefficients of variation with values up
to 12.52 %. Nevertheless coefficients of variation for the initial Young’s modu-
lus (Eaxis) are low in general. Noticeable is the reduction of these values for
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Eaxis(0.5%−0.8%). The results support the finding that composite stiffness increases
from 19043.31 MPa for high strain matrix materials up to 59264.96 MPa for the
conventional rigid resin system. This trend can also be seen at the second elastic
modulus at elevated elongation. Figure 4-19 displays both elastic moduli of the
different composite materials. At CFRE the strain-stiffening effect has significant
influence on the material behavior. Tensile stiffness increases by 93 % at high strain
reinforced polymers. Furthermore, the stiffening factor decreases with increasing
matrix modulus. Exception represents composite material with the blended ma-
trix polymer Mix75. The initial Young’s modulus is lower than the modulus of
the composite with the constitutive elastomeric matrix material Biresin® 407. On
the contrary the elastic modulus at higher elongation exceeds the elastic modulus
of the 407 specimen. At CRP75-15 and Mix25 specimens the stiffening factor is
1.06. Hence, at conventional FRP with woven fiber reinforcement material strain-
stiffening exist.
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Figure 4-19 Normalized Young’s moduli of axis specimens

It is believed that the reason for the two distinct linear elastic strain sections at
CFREs is the undulated fiber course in combination with the low shear modulus
of the matrix. Tensile loads at axis orientated fibers lead to a decrease in undula-
tion curvature when straightened within the elastomeric matrix. The high strain
property of the matrix material in combination with the textile fiber architecture
and irregularities of the composite materials like nesting behavior or fiber-angle
deviations support this behavior. Tensile loading leads to complex deformation in
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all three dimensions accompanied by fiber-reorientation, fiber straightening, inner
friction, and locking effects of rovings. It is believed that low shear, compression,
and tensile stiffness of the matrix increase the composite sensitivity regarding these
deformations. The mentioned effects obviously influence the stress-strain behavior
throughout the entire strain range. Thus, it is believed that fiber straightening
and fiber re-orientation come to an end at elevated elongation and that influences
on the stress-strain behavior are not significant anymore. In [84] initial non-linear
elastic material response to tension loading in warp direction at composites with
woven fiber reinforcement is reported for FREs. This behavior cannot be seen at
the tested composite materials. It is assumed that the tested composite material
shows homogeneous strain distribution at low strain levels. The reason for this
might be specimen thickness and a high FVC. The compact architecture may leads
to a linear stress-strain response at lower load levels. Additionally, Hoffman [50]
states that Young’s modulus at CFREs is dependent on the number of layers. The
reason can be found at deformation blocking effects due to nesting. It is believed
that the use of fabrics with roving size of 6k and areal weights of 375 g/m2 exhibit
strong nesting properties in combination with high FVCs. These nesting effects are
assumed to reduce the influence of number of layers.

In Figure 4-20 the values of the Poisson’s ratio can be seen for the different materi-
als. CFRE with high strain matrix materials show transverse to longitudinal strain
ratios of approximately 0.46.
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Figure 4-20 Poisson’s ratio of axis specimens

High Poisson’s ratio results from significant specimen thinning when tensile load
is applied. Though, strong deviations can be seen. The results reveal a strong
dependency on the matrix properties since Poisson’s ratio decreases to values of
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conventional rigid composites around 0.04. Figure 4-21 displays the dependency of
Poisson’s ratios on tensile strain in x-direction.
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Figure 4-21 Strain dependency of Poisson’s ration at axis specimens

Strong scattering at small tensile strain exists. Besides, strong non-linear behavior
can be seen for composite materials with elastomeric matrix materials (Mix75, 407,
U1404, UR3420) throughout the displayed strain range. Poisson’s ratio increases
significantly at elevated tensile strains.

Strong scattering might be allocated to initial fiber-reorientation and movement
within the matrix as soon as load is applied. In general it is believed that trans-
verse contraction is strongly influenced by deformation capabilities of the textile
reinforcement architecture. It is stated by Skelton [159] and Chou [67], among oth-
ers, that the crimp of the fibers in coated fabrics dominantly influences the strain
properties in x- and y-direction when exposed to axial loading. If fabric materials
are exposed to tensile loads in fiber direction, warp fibers are straightened, leading
to a reduction of crimp. In comparison, at weft fibers or rovings crimp increases.
This increase in crimp reduces the projected length of the off-axis fibers in the
woven fabric, leading to extensive transverse contraction (see Figure 4-22). It is be-
lieved that low compression stiffness of the high strain matrix materials supports
the transverse contraction of the composite material. It can be realized that the
increase in Poisson’s ratio at the high strain CFREs lies in the strain range where
the non-linear straightening can be seen in the stress-strain diagram. This confirms
the assumption that at woven fabrics significant fiber straightening in one direction
leads to excessive crimp formation in transverse direction.
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Figure 4-22 Stress-strain in x- and y-direction

Tensile strength

In Table 4-11 normalized tensile strength values are displayed. The normalization
factors are determined according to DIN EN 3783 [158] based on the FVC of the
respective specimens and the overall FVC of the axis and off-axis specimens (see
Table 4-8). Normalized tensile strength values range from 788.71 MPa for the brittle
matrix reinforced composite to 365.16 MPa for the CFRE with high strain matrix
material. In general, tensile strength values show small coefficients of deviation.
Especially the CFREs with high strain matrix (U1404, UR3420) show values in a
common range (5.91 %) for fiber reinforced plastics. A degradation of strength of
54.84 % related to the CRP75-15 specimens can be seen for the tough and high
strain matrix composites.

The elongation at tensile strength is found to be the most representative material
parameter for the analysis and comparison of strain properties of the different
composite materials. Values of elongation at break or maximum elongation show
low validity concerning uniform material properties especially at CFREs. CFRE
with high strain matrix features successive failure processes, making it impossible to
determine a finite strain value for specimen failure. Comparison and determination
of maximum strain values represent another difficulty. Strain values at the stress-
strain diagram are based on average strain values of the selected analysis area of the
optical strain measurement. Especially the high strain composite materials (U1404,
UR3420) exhibit strain in-homogeneity as a result of the tensile loading and fiber-
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Table 4-11 Normalization factor, nor. tensile strength (σT Saxis), coefficient of variation (cv),
tensile strength degradation, elongation at tensile strength (εT Saxis), and coefficient
of variation (cv)

Name nor. Factor σT Saxis cv Degradation εT Saxis cv

[MPa] [%] [%] [%] [%]
UR3420 0.94 404.99 4.31 48.58 1.19 7.04
U1404 0.95 355.69 5.91 54.84 0.97 12.59
407 1.1 510.24 7.75 35.22 0.92 4.69
Mix75 1.04 564.1 10.97 28.38 1.06 5.86
Mix50 1.06 673.42 2.84 14.5 1.19 3.9
Mix25 0.96 775.8 1.95 1.5 1.35 1.72
CRP75-15 0.97 787.63 3.92 0 1.29 2.96

reorientation. It is believed that after reaching tensile strength meaningful strain
values cannot be obtained.

Figure 4-23 displays the course of the tensile strength and elongation at strength
values as well as the coefficients of variations. It is obvious that elongation at ten-
sile strength constantly decreases from brittle matrix composites CRP75-15 to the
medium strain composite 407. Thus, CFREs with high strain matrix show higher
elongation at tensile strength values. Coefficients of variation lie in an exceptional
range. Highest deviations can be seen at U1404 specimens (12.59 %).
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Figure 4-23 Tensile strength and elongation at tensile strength of axis specimens

For the investigation of failure behavior and maximum strain capacities of the com-
posite materials the stress-displacement data of the experiments reveal important
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findings. As it can be seen at representative curves in Figure 4-24 specimens with
brittle matrix materials (CRP75-15) show conventional CFRP failure behavior.
Sudden, catastrophic failure at tensile strength defines the material behavior. Ini-
tial fiber and / or matrix failure leads to stress concentrations and perpendicular
crack propagation to the loading direction within the composite. Defined fracture
planes are the result. Specimens with tough to medium strain matrix materials
exhibit comparable failure characteristics at lower stress levels.
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Figure 4-24 Stress-displacement relations of axis specimens

In comparison CFRE specimens (U1404, UR3420) with high strain matrix materials
exhibit distinct successive, incremental failure behavior. At elevated stress levels
single fibers start to fail. The initial failure does not lead to catastrophic failure of
the specimen as it is the case at conventional axis CFRP specimens. Intact 0° fibers
continue to carry the load at constant or lower stress levels. This can be seen at the
step-wise decrease of stress after reaching tensile strength. This behavior can be
identified at the cause of strain distribution during the continuous degradation of
material strength. Figure 4-25 displays the failure process considering force-position
relation of a U1404 test specimen, the correlating strain distribution in x-direction
and the statistic distribution at different levels of failure.

When a roving fails due to continuous fiber failure the previously carried load
cannot be introduced into the specimen via this load path anymore. This leads
to sudden reduction in stress and strain relaxation at areas around the roving
which reached individual tensile strength. This strain relaxation extends across the
specimen according to the continuous failure of 0° fibers and rovings (Figure 4-25 a-
f). Failure behavior is dominated by individual, single fiber failure events occurring
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Figure 4-25 a) Strain distribution in x-direction: before tensile strength, b) at tensile strength,
c) after initial strength degradation, d) before second strength degradation, e) after
second strength degradation, f) before catastrophic failure

randomly along the specimen length where the individual stress or strain capacity of
fibers are reached. This leads to an absence of a defined fracture plain. In relation to
this background the sudden, catastrophic failure behavior of the specimens (Mix25,
Mix50, Mix75) with tough matrix materials as well as the 407 specimens with
elastic matrix material is notable. Neither gradual roving-wise failure behavior can
be identified, nor randomly distributed roving failure along the specimen length as
it is the case at the high-elastic matrix specimens. A defined failure plain exists. It
is believed that the existent shear modulus is sufficient for load transfer in between
fibers and rovings, leading to a continuous failure propagation within the composite.
This assumption is confirmed by scanning electron microscopic (SEM) analysis of
the fracture surfaces.
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SEM images are taken of the fracture surface using a JEOL JSM 5900LV (JEOL
USA, Inc., Peabody). Figure 4-26 displays representative fracture surfaces of axis
CRP75-15 and 407 specimens. The two materials show a defined fracture surface
lying in one plain orthogonal to the loading direction. Fracture behavior of 0° and
90° rovings differs significantly between the two matrix materials. Brittle matrix
material (CRP75-15) leads to more uniform fracture heights of the 0° fibers and
rovings. At the specimen with medium elastic matrix material (407) significant
differences in fracture height within the rovings and between 0° rovings can be
identified. Fracture surface exhibit fibrous characteristics.

!" #"

Figure 4-26 SEM images of racture surface of axis specimens: a) CRP75-15 matrix, b) 407
matrix

In 1981, Purslow [160] stated that fracture surfaces of tensile loaded brittle unidi-
rectional CFRP materials is dominantly influenced by fiber-matrix bonding. The
stronger the bonding the more planar the surface. In 1988, he complemented this
statement that in general composites show planar fracture surfaces in compari-
son to dry rovings where fiber failure occurs individually and randomly along the
entire length [161]. Hence, it is obvious that next to fiber-matrix bonding the ma-
trix material itself has a significant influence on the fracture surface and failure
propagation.

This appraisal confirms the assumption that due to the low shear modulus of the
high elastic composite specimens with approximately 0.33 MPa to 0.46 MPa, the
tensile stress is not transferred in between fibers, comparable to dry rovings, leading
to single fiber, incremental and global distributed failure behavior. This behavior is
promoted at textile reinforcements by the fact that fibers show individual geometric
deviations to the load direction at macroscopic level (textile structure) and micro
level (fiber twisting, fiber waviness within the roving) and by the fact that they
can excessively move in the soft matrix material. The shear and tensile properties
of the medium elastic matrix material (e.g. tensile strain capabilities up to 220 %,
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Young’s modulus of approximately 10 MPa and shear modulus of approximately
3.9 MPa) seem to enable load transfer in between fibers, leading to the defined but
fiberous fracture plain.

The matrix influences can additionally be seen at the failure behavior of 90° rovings.
At the brittle specimen kink-band formations can be identified in comparison to
the medium strain specimen (see Figure 4-26 a)). King-bands are the result of
compression failure in compression loaded fibers around initiation damage zones.
Damage zones can be the result of initial fracture of fibers or local shear instabilities
by misalignment /waviness of the fiber [162]. Their appearance is evident of high
compression stresses due to transverse contraction. At the medium strain specimen
no kink-bands can be identified. Jimenez [76] stated that carbon fibers can be
folded to very high curvatures without failure when embedded in a hyperelastic
matrix. Compression loaded fibers show excessive micro-buckling within the soft
matrix. It is believed that the elasticity of the matrix used in the specimens allows
for movement and micro-buckling of the compression loaded fibers preventing local
stress concentrations and failure initiation.

At both materials excessive delamination between the 0° and 90° rovings can be
seen. Shear deformation might be the reason since woven fabrics with satin weave
pattern shows stretching - in-plane shear coupling [163]. The reason is the unsym-
metrical pattern of undulation locations to the in-plane axis.

The results show that tensile and shear stiffness of the matrix have significant in-
fluence on the stress-strain and failure behavior at axis FRP. It is believed that
complex deformation effects are involved at the failure behavior when actual failure
loads are introduced into the CFRP and CFRE specimens. Even at brittle com-
posites it is not certain which effect related to the matrix leads to the transfer of
failure from one fiber to neighboring fibers. Static or dynamic stress concentrations
based on matrix stiffening due to high, local strain-rates might be a possible trans-
fer effect at brittle or ductile matrix materials[161]. This general lack of knowledge
give reason for further investigation including CFRE.

4.3.4 Results: Off-axis CFRE specimens

In Figure 4-27 representative off-axis stress-strain relations of the different compos-
ite materials can be seen. It can be seen that due to the increase of testing speed
the stress-strain curves show a step.

The brittle, tough and medium strain composite materials show conventional off-
axis stress-strain behavior. Initial linear elastic material responds is followed by
non-linear stress-strain relation, leading to an asymptotic course at higher elon-
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Figure 4-27 Stress-strain relation of off-axis specimens: a) brittle, tough, medium strain matrix
materials, b) high strain matrix materials

gation. Comparable stress-strain relation exists at composite specimens with high
strain matrix materials. It is shown in Figure 4-28 as well as in Table 4-12 that nor-
malized Young’s modulus and shear modulus poses significant dependency on the
matrix material. Young’s modulus ranges from 141.04 MPa up to 12788.71 MPa.
Shear strength values of the different materials which is determined at 5 % also
increase significantly from CFREs with high strain matrix to the conventional
CFRPs. Coefficients of variations lie in an acceptable range for the stiffness, strength,
and Poisson’s ratio values.

Table 4-12 Normalization factor, nor. Young’s modulus (Eoff−axis), nor. shear modulus (G),
nor. shear strength (τ5%), Poisson’s ratio, and coefficient of variation (cv)

Name nor. Eoff−axis cv G cv τ5% cv ν cv

Factor [MPa] [%] [MPa] [%] [MPa] [%] [%]
UR3420 0.98 220.92 1.18 56.51 2.11 1.39 1.55 0.94 1.54
U1404 0.94 141.05 6.11 35.71 4.91 1.03 1.36 0.97 2.84
407 1.04 365.55 12.85 111.99 6.93 4.38 4.96 0.96 3.27
Mix75 0.98 515.61 1.37 127.1 7.62 5.95 4.62 1.06 3.22
Mix50 1 3476.81 3.92 854.18 5.82 18.4 5.22 0.94 3.37
Mix25 0.95 7905.77 3.51 2100.06 0.41 29.42 1.46 0.72 3.5
CRP75-15 0.97 12788.71 3.8 3356.62 3.44 48.44 2 0.89 4.12

Figure 4-29 displays the Poisson’s ratios of the off-axis specimens. Values within
the linear elastic section range from 0.72 up to 1.06. It is noticeable in Figure 4-
30 that Poisson’s ratio shows only small dependencies on elongation in x-direction.
Compared to the axis reinforced specimens Poisson’s ratios do not imply non-linear
character. Moreover, Figure 4-31 reveals that the composite materials show no
significant difference in x- and y-direction except different levels of tensile stresses.
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Figure 4-28 Shear modulus and shear strength of off-axis specimens
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Figure 4-29 Poisson’s rations of off-axis specimens

The off-axis results reveal that the matrix influence on tensile properties is signif-
icant. At off-axis load cases the matrix material is responsible for the load intro-
duction and transfer within the material since no continuous fibers and direct axial
load introduction exist. When stiffness properties of the matrix are low, as it is
the case at elastomers, this load transfer process cannot be established. Composite
properties drop dramatically. This effect can already be found at conventional rigid
FRP. Tensile properties show strong sensitivity to fiber angle in general. Certainly,
this effect is heavily promoted by matrix material with low shear, compression, and
tensile stiffness.
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Figure 4-30 Strain dependency of Poisson’s ra-
tion at off-axis specimens
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Figure 4-31 Stress-strain in x- and y-direction
at off-axis specimens

4.3.5 Results: Cyclic incremental loading

As presented in chapter 2.2.1, filled elastomers show specific material behavior
at high strain levels and repeated loading. Non-linearity at large strains, strong
hysteresis effects at unloading, and stress-softening at cyclic loading exist [60].
Deformation profiles with loading and un-loading to different strain levels represent
possible operation conditions and of fiber reinforced hinge. It is supposed that this
material behavior can be expected here as well since parts of the composite at
the flexible hinge area is subjected to tensile stress. Fiber reinforcement specimen
are subjected to cyclic loading with incremental increase in stress level for the
investigation of hysteresis effects at stress unloading and stress-softening due to
cyclic loading. Based on the tensile strength of the previously tested materials four
different load levels, 10 %, 25 %, 50 %, and 75 % of tensile strength are defined.
At each load level two repetition cycles take place before the next higher load
level is addressed. Axis specimens are tested with 2 mm/min test velocity. Off-
axis specimens are tested with 10 mm/min test velocity due to large deformation
capability. Due to the exception of 5 % strain values at 75 % loading of tensile
strength off-axis specimens are only exposed to cyclic loading up to 50 % maximal
load capability. Specimen dimensions and manufacturing is equal to the previously
presented investigations. Three samples of each material are tested. In Figure 4-32
to 4-39 stress-strain relations of four different composite materials with CRP75-15,
407, U1404 and UR3420 matrix can be seen. Additionally a representative stress-
strain curve of the initial tensile characterization is displayed (red curve).
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Figure 4-32 Axis cyclic loading CRP75
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Figure 4-33 Off-axis cyclic loading CRP75
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Figure 4-34 Axis cyclic loading 407

0 2 4 6 8 10 12 14
0

10

20

30

40
 407_45_cy
 407_45

S
tre

ss
 [M

P
a]

   Strain X [%]

Figure 4-35 Off-axis cyclic loading 407
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Figure 4-36 Axis cyclic loading U1404
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Figure 4-37 Off-axis cyclic loading U1404
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Figure 4-38 Axis cyclic loading UR3420
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Figure 4-39 Off-axis cyclic loading UR3420
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Axis composite specimens with brittle and medium elastic matrix materials show
neither significant hysteresis effects nor strain softening (see Figure 4-32 and 4-34).
The initial and repeated loads lead to strain values following identical linear elastic
behavior. In contrast, axis specimens with high elastic matrix materials exhibit
strong hysteresis effects during un-loading as well as strain softening at following
load repetitions (see Figure 4-36 and 4-38). This behavior can be identified at
every sub-sequential load level. It can be seen that the first loading of every load
increase follows the regular stress-strain relation of the one time loading curve. Axis
specimens with U1404 matrix material do not consistently reach the 75 % load level
due to early initiation of the gradual failure process.

Off-axis CRP75-15 specimens with brittle matrix material show excessive non-
reversible deformation between the second and third loading step (see Figure 4-33).
It is believed that introduced strains lead to matrix failure such as micro cracks
and fiber-matrix failure resulting in residual deformation. In comparison elastomer
reinforced off-axis specimens samples show characteristic behavior of filled rubber-
like materials (see Figure 4-35, 4-37 and 4-39). Hysteresis effects can be identified
between loading and un-loading. The hysteresis effects are stronger at elevated
stress levels because of incrasing deformation of the matrix material. Residual strain
exists but is significantly lower than at the brittle specimens. It is apparent that the
cyclic, incremental increasing stress-strain relations follow the course of the single
loaded material behavior but at a higher load level. It is assumed that hysteresis
effects and residul strains are related to visco-elastic and visco-plastic behavior as
well as fatigue behavior of the matrix materials as stated by Diani [61]. Deviations
from the initial stress-strain relation might be explained by higher testing speeds.

Axis and off-axis reinforced elastomer specimens exhibit strong stress-softening
at repeated load cycles. This behavior refers to the Mullins effect. As stated in
chapter 2.2.1 it is believed that several effects related to the elastomer itself as
well as the fibers-matrix bonding lead to this material behavior. Breaking of weak
cross-links and network chains within the polymer, slippage, and entanglement of
molecular chains, breaking of chains linked to the fiber or breaking of fiber-matrix
connections are possible physical effects, leading to the stress-softening as well as
hysteresis effects and residual strains.

The presented results show that at cyclic loading losses in stiffness exist. In terms
of application, this behavior needs to be considered at the design process of IFRH
since the hinge area is part-wise exposed to tensile loading during bending.
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4.3.6 Analytic prediction of the Young’s modulus of
CFRE/CFRP

Regarding the prediction of stiffness properties of fiber reinforced elstomers various
modeling approaches exist and have been validated [54][50][67]. The linear models
focus on unidirectional reinforcement and are based on modification of the rule of
mixture in fiber direction and inverse rule of mixture for transverse direction. For
composites with textile reinforcements additional models exist trying to include the
fiber undulations and biax reinforcement character [164]. Textile architectures are
heterogeneous structures, leading to complex three dimensional stress distribution
within the composite when exposed to tensile loading. Analytical and numerical
modeling of stiffness and strength properties of textile reinforced composites is
subject of current research activities.

A common analytical model for the prediction of woven fabric reinforced compos-
ites is the cross-ply approach. Weft and warp yarns are separately modeled by
orthogonal single plies within the classical laminate theory (CLT). [21] Addition-
ally, fiber crimp within the fabric is considered by using a knockdown factor. The
factor is determined according to following equation [163]:
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−1

(4-6)

Θ Knockdown factor
d Amplitude of undulating fibers
λ Wavelength of undulating fibers
Ex Young’s modulus in x-direction
Gxy Shear modulus
νxy Poisson’s ratio

The determination of the knockdown factors is based on the individual material
data for tensile and shear moduli as well as the Poisson’s ratios. For the individ-
ual modeling of the single plies, using the cross-ply approach, the rule of mixture
is chosen. Laminat setup orientates itself at the relative test specimens regard-
ing FVC and thickness. Material data for the fiber properties is taken from the
Hexforce® G0926 datasheet [105]. Wavelength of the undulating fibers is 11 mm.
The amplitude of the undulating fibers is 0.095 mm. Both values are determined
according to the satin weave pattern. Matrix data is based on the experimentally
determined properties (see Table 4-4). Knockdown factors reach from 0.954 for the
axis composites with rigid CRP75-15 matrix material to 0.008 for the high strain
composites with UR3420 matrix material.
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In Figure 4-40 analytical results for axis specimens as well as the experimental re-
sults are displayed. For the brittle axial loaded composites analytic prediction gives
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Figure 4-40 Comparison of Young’s modulus prediction and test results axis specimens

reasonable correlation with slight overestimation. This overestimation is reduced
by the application of the knockdown factor. With decreasing matrix modulus the
estimated values show satisfying results. For laminates with Mix50 as matrix ma-
terial optimal prediction can be seen when the knockdown factor is used. Hence,
for laminates with high strain matrix material deviations between experimental re-
sults and predictions are vast. Analytic predictions, not including the knockdown
factor, show significant overestimation. Results reveal that the properties of the ma-
trix material shows limited influence on the analytic results. This correlates with
predictions by Hoffmann which can be seen in Figure 2-12. Fibers dominate the
composite properties in axis reinforcement direction. It is believed that the main
reason for the deviation at axis specimens can be found at the general assumption
of the CLT. Linear elastic behavior, small deflection, macroscopic homogeneous
material, perfect bonding between layers, perfectly aligned fibers are assumed. In
reality fibers show strong misalignment in the laminate. Especially at woven textiles
excessive undulations exist. In combination with highly elastic matrix materials de-
flections lead to initial fiber straightening and re-orientation resulting in reduced
stiffness. As it can be seen, the knockdown factor covers these assumptions part-
wise at specimens with brittle to tough matrix materials. Good correlation exists.
Thus, at specimens with medium and high strain properties the knockdown factor
leads to underestimation. The application of the knockdown factor does not lead to
a reasonable result for CFRE. The reason can be found at the high quotient of ten-
sile stiffness Ex and shear stiffness Gxy. Shear stiffness of the CFRE (e.g. 0.8 MPa)
is significantly smaller than for the conventionally stiff composites (1981.8 MPa),
leading to high knockdown overestimating knockdown factors.
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Figure 4-41 shows the results of shear moduli. Stiff matrix materials (e.g CRP75-15,
Mix75 and Mix50) lead to reasonable correlation between experimental values and
predictions. Thus, analytic values tend to underestimate the experimental results
in general. Lower matrix moduli lead to increasing deviations. Results of the cross-
play approach are significantly smaller than the experimental results.
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Figure 4-41 Comparison of shear modulus prediction and test results off-axis specimens

Results correlate with findings of Peel [54] where shear stiffness is underestimated
by up to 88 %. A reason might be the underestimates of transverse ply properties
by the inverse rule of mixture. Quadratic fiber, quadratic fiber package, constraint
transverse compaction, and imperfection are assumed. In comparison to the axis
predictions where fiber properties dominate the results, ply properties are domi-
nated by the matrix material. Since several decades lie between fiber and matrix
stiffness the impact of the low matrix modulus is severe. Besides, it is believed
that the inherent characteristic of crimped fiber reinforcements intensifies the dis-
crepancy between experimental results and analytic prediction. Undulating fibers
and nesting effects between layers lead to strong interlock when exposed to shear
deformation. These effects are not considered at the cross-ply approach based on
unidirectional layers. An equivalent to the knockdown factor using information on
textile geometries and matrix properties with the intention to increase the accuracy
of predicted values might be a suitable approach.

4.3.7 Matrix influence on composite properties

The direct correlation of a wide range of matrix stiffness and strength properties
and respective fiber reinforced composite properties can be assessed based on the
experimentally determined tensile properties of the neat resins (Table 4-7) and
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corresponding composite materials (Table 4-10, Table 4-11 and Table 4-12). Tensile
properties of composites can be displayed over a wide range of matrix moduli from
1.8 MPa to 2480 MPa. In Figure 4-42 to Figure 4-45 the influence of the matrix on
axis composite properties is displayed.
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Figure 4-42 Influence of matrix modulus on
axis composite Young’s modulus
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Figure 4-43 Influence of matrix modulus on
axis composite tensile strength
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Figure 4-44 Influence of matrix strength on
axis composite tensile strength
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Figure 4-45 Influence of matrix modulus on
axis composite Poisson’s ratio

In Figure 4-42 the influence of the matrix modulus on the normalized compos-
ite Young’s modulus of axis fiber reinforced specimens is shown. It can be seen
that the Young’s modulus of the composite decreases decisively for matrix moduli
below 100 MPa. Above 100 MPa matrix modulus the Young’s moduli of the compos-
ite decreases by less than 9 %. Below 100 MPa matrix modulus composite moduli
decreases by up to 65 %. Hence, deviations can be seen at low modulus matrix
materials (UR3420 and U1404). Against their individual matrix moduli (5.47 MPa
and 1.85 MPa) composite properties (19.043 MPa and 23.709 MPa) do not follow
the trend of degradation of composite stiffness due to reduction of matrix stiffness.

Figure 4-43 shows the influence of matrix modulus on axis composite tensile strength.
A clear trend can be identified showing continuous increase in tensile strength of
fiber reinforced materials. Deviations can be found at composite specimens with
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medium modulus matrix materials (407 and Mix75). Hence, average values can be
found within the standard deviations. In Figure 4-44 the influence of matrix tensile
strength on composite tensile strength can be seen. Normalized tensile strength of
fiber reinforced specimens continuously increase with increasing matrix strength
from 355 MPa to 787 MPa. Deviations exist for composite specimens (UR3420 and
U1404) with matrix materials showing low tensile strength.

Figure 4-45 displays the influence of matrix modulus on the Poisson’s ration of
axis fiber reinforced specimens. A distinct drop in Poisson’s ratio can be identi-
fied for matrix materials with 5 MPa to 100 MPa. Above 100 MPa matrix modulus
comparable Poisson’s ratios (0.04 ±0.01) can be found.

In Figure 4-46 and Figure 4-47 the influence of matrix modulus on tensile properties
at off-axis reinforced composites can be seen.
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Figure 4-46 Influence of matrix modulus on
off-axis composite shear stiffness
and strength
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Figure 4-47 Influence of matrix modulus on
off-axis composite Poisson’s ratio

Both, shear modulus and shear strength continuously increase with increasing ma-
trix modulus. Deviations can be identified at medium strain matrix materials (407
and Mix75). Shear modulus of specimens with 407 matrix material (Young’s mod-
ulus 22.88 MPa) is 9.4 % below specimens with Mix75 matrix material (Young’s
modulus 13.75 MPa). Comparable behavior can be seen at the shear strength. Com-
posite shear strength successively increases with increasing matrix modulus. Be-
sides, strong stiffness increase can be identified when comparing neat resin moduli
to off-axis reinforced moduli. Tensile stiffness is increased by the fiber reinforce-
ment for the high strain materials about factor 41.25 for UR3420 and factor 77.87
for U1404. Influence of matrix modulus on Poisson’s ratio at off-axis composites
shows no distinct trend. Poisson’s ratios can be found at 0.93 ±0.097.

The correlation of matrix moduli with composite properties show excellent quan-
titative results. Stiffness, strength, and Poisson’s ratio follow distinct trends de-
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pendent on matrix stiffness and strength. Hence, slight deviations from the general
trend can be seen especially at low Young’s moduli and strength (e.g. for the
high strain matrix materials U1404 and UR342). It is assumed that irregularities
might be based on individual fiber-matrix bonding properties. As identified in chap-
ter 4.2.3, both high strain matrix materials show promising fiber-matrix bonding.
However, slight differences exist. At UR3420 less fiber-matrix bonding capabil-
ity can be identified. However, both matrix materials lead to opposing trends of
influence at composite stiffness and strength properties of axis specimens. Thus,
a clear statement cannot be made if the fiber-matrix bonding properties are the
reason for the deviation. It is speculated that individual matrix properties (e.g.
strain-stiffening, non-linear stress-strain behavior) play a decisive role. Especially
at the CFREs where, due to high FVCs, strain superelevation occur between tightly
packed fibers [165]. Thus, strain heterogeneity on micro and macro level may lead
to the deviations.

For axis fiber reinforcements findings deviate from the assumption that matrix
properties have minor influence on composite properties. Matrix stiffness and strength
have a decisive influence on composite performance based on load transfers mech-
anisms between fibers. The results prove that reduced matrix stiffness reduces the
capability of load transfer, leading to significant reduction in stiffness and strength
for both, axis and off-axis carbon fiber reinforced composites.

4.4 Summary

In the framework of the material pre-assessment commercially available polyurethane
matrix materials were identified with low start viscosity and tensile strain behavior
between 220 % up to 950 % elongation at failure fulfilling necessary requirements for
the use in IFRH. Based on DSC experiments a matrix combination of elastomeric
and thermoset resin is identified showing miscibility. Single glass transition tem-
peratures exist for the blends. TG values constantly increase related to thermoset
content of the blend. This combination showed promising characteristics for the
application at IFRH since gradual transition of matrix properties can be expected.

The experimental investigation of CFRE and conventional CFRP composites reveal
that valid Young’s modulus and strength values can be determined for CFRE when
specimens’ ends are embedded into thermoset matrix material. Consequently, the
results show that the matrix modulus has strong influence on the Young’s modulus
and strength property of the composite. Strong deformation induced fiber straight-
ening at the woven carbon fiber reinforcement can be identified at axis CFRE with
low modulus matrix, leading to excessive strain-stiffening. Tensile stiffness increases
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by different numbers between 12 % for composite specimens with thermoset matrix
and 95 % for fiber reinforced elastomes. Furthermore, tensile strength decreases
with increasing matrix elasticity. Fiber reinforced elastomers with high elasticity
(elongation at break > 600 %) show successive roving wise failure behavior. Low
matrix shear stiffness prevents the homogeneous load transfer between fibers and
rovings, leading to randomly distributed fiber failure.

Experimental results are compared to analytic material models based on the cross-
ply approach and the rule of mixture both in combination with a knockdown fac-
tor for the textile fiber reinforcement. The prediction of composite stiffness reveals
limited suitability for CFRE. Young’s modulus of axis CFRE is increasingly over-
estimated for high strain matrix materials. The knockdown factor shows strong
deviations for high strain material since its determination depends on the quotient
of tensile and shear modulus. Low shear modulus of CFRE lead to very high knock-
down factors reducing the predicted Young’s modulus to 0.8 %. It is believed that
deviations between predicted values and experimental results are caused by fiber
undulations and the possibility of excessive fiber-reorientation within the elastic
matrix reducing the Young’s modulus. In contrary, Young’s modulus of off-axis
specimens is increasingly underestimated. Matrix modulus dominates the analytic
prediction, leading to low stiffness values. It is believed that locking and nesting
effects of the woven fiber reinforcement increase stiffness since fiber deformations
are hindered.

Cyclic investigations with incremental load increase give insight into strain soft-
ening and hysteresis effects at axis and off-axis specimens. Hysteresis effects were
stronger at off-axis specimens since excessive deformations were reached. Hence,
stress-strain behavior of initial specimen loading to the different load levels corre-
lated with the one-time stress-strain behavior.

The experimental determination of matrix properties and composite properties
allowed the direct quantification of matrix influence on composite performance
over a wide range of matrix properties (Young’s modulus: 1.8 MPa to 2480 MPa).
The results can be used for the distinct estimation of composite tensile properties
depending on matrix stiffness and strength.



5 Experimental characterization of
integral fiber reinforced hinges

Integral fiber reinforced hinges represent an upcoming solution for shape adaptive
lightweight structures to overcome the discrepancy between high load capability
and high shape changing ability described by Campanile [12]. Certainly, the degree
of freedom when it comes to the hinge design is tremendous. To answer the central
research question which flexural properties can be expected of IFRH, following
sub-questions are addressed:

• How can IFRH be experimentally investigated at application orientated load
cases?

• What kind of flexural properties such as bending stiffness and general bending
deformation behavior can be expected?5

• How do design parameters such as reinforcement architecture, hinge length
and specimens dimension influence the bending behavior?

• How do IFRH behave at cyclic bending operations and what failure or damage
properties can be expected?

To determine the potentials of IFRH as well as possible limits an experimental
approach at coupon level is chosen. A bending test device which enables large
deflections is introduced and evaluated. Influences of design parameter such as
fiber orientation, hinge thickness, and hinge width are characterized quasi-static
for large deflections up to 90° bending angle and for repeated load cycles up to
10000 times. Furthermore, the hinge performance and capabilities are evaluated by
means of tension properties after cyclic bending. The outline of chapter 5 can be
seen in Figure 5-1.
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Figure 5-1 Overview of research activities in chapter 5

5Bending deformation includes curvature distribution within the elastic hinge area and perpen-
dicular curvatures
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5.1 Contribution to the state of the art of IFRH

Existing IFRH can be predominantly found at deployable space structures. The
local flexibilization of fiber reinforced composites using elastic matrix materials
allows the efficient folding of satellite elements such as reflectors to reduced packing
space (see Figure 5-2).
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Figure 5-2 Folding of a carbon shell with IFRHs [75]

Thin layered materials with thicknesses of 0.5 mm are used. They are characterized
concerning their initial deflection behavior (up to 180°), repeated activation (up
to 10 times) and their unbending behavior when folded for longer periods. These
properties and investigations orientate themselves dominantly at the specific case of
application. The structures are supposed to be folded to a minimum required space,
stored for the period of transport and unfolded in a onetime event. Controlled fiber-
buckling and local delamination is a common and volitional effect. It is not seen as
a damage criteria of the composite. It is an accepted behavior at large deflection
which is included into simulation and analytic descriptions. Requirements regarding
deployable space structures aim at geometric stability and high position tolerance.
High structural forces are not supposed to be carried by these elements.

In comparison to existing hinge elements and investigations the presented study
aims at structural applications in aerodynamic components at vehicles or airplanes.
Here, multiple advantages compared to conventional hinge systems can be found.

In Figure 5-3 the disadvantages of a conventional hinge system can be seen. Char-
acteristic is the differential multi-material design, leading to a high number of ele-
ments in combination with tolerance requirements, weight penalties, high assembly,
and maintenance effort and aerodynamic deficits due to existing gaps.

6Spoiler graphic taken from the lecture: Analysis and Design of Composite Structures (WS2016),
Technical University of Munich, Department of Mechanical Engineering, Chair of Carbon
Composites, Prof. Dr. Klaus Drechsler



Experimental characterization of integral fiber reinforced hinges 141

Figure 5-3 Generic wing spoiler as an example of a conventional hinge system6

In comparison to conventional hinge systems, IFRHs are characterized by the inte-
gral design and the compliant mechanism approach (see Figure 5-4). Herewith, they
comprise the advantages of these two design approaches. The continuous, gap free
structure in combination with local flexibility leads to smooth deformations and
high aerodynamic quality. Besides, advantages such as build-in restoring forces, re-
duced number of elements, reduced assembly and maintenance effort, less weir and
friction, and reduced manufacturing process steps are their characteristics [16][17].
IFRH can be manufactured in a single process step (i.e. in-situ manufacturing)
based on HyMa processes. Thus, the hinge function can simultaneously be realized
as part of a large structural element. Besides, the versatile design options given by
the choice of fiber reinforcements, reinforcement architecture, matrix materials, and
hinge dimension allow for requirement orientated design and extensive deformation
variability.

In comparison to deployable space structures applications such as flaps or spoilers
at airplanes or cars require higher load capabilities at in-plain and out-of-plane
directions as well as multiple deflection processes. Material thickness of the hinge
specimens is higher (e.g. 1.5 mm < x < 2.5 mm ) representing common dimension
at automotive and aviation applications of outer skin materials or structural ele-
ments. Compared to the existing composite hinges fiber-buckling and delamination
might represent a significant reduction in structural hinge performance. Therefore,
mechanical properties need to be experimentally determined and evaluated to give
a deeper insight into the potentials of this constructional element. Emphasis lies
on the identification of operational limits regarding opening angles, damage initi-
ation, necessary deformation loads, deformation behavior, fatigue properties, and
reduction of in-plane properties.



142 Experimental characterization of integral fiber reinforced hinges

Figure 5-4 IFRH schematic setup and advantages resulting from the integral design and com-
pliant mechanism approach

Besides, manufacturing processes of existing hinge specimens are based on highly
manual processes. To ensure and increase the applicability of IFRH, HyMa manu-
facturing processes are used to manufacture the hinge specimens. They ensure high
sample quality, high repeatability and represent the fundamental prerequisite for
the industrial application.

The inherent character of a IFRH is given by continuous fiber reinforcement, the
elastomeric matrix material, its local distribution, and the stiff matrix material of
a conventional CFRP (see Figure 5-4). Depending on the hinge design and material
selection strong differences in bending behavior (i.e. bending deflection, necessary
bending moment, and bending deformation) are assumed.

Strong influence is expected by the anisotropy of the conventional CFRP and
CFRE, the varying stiffness properties regarding tension and compression, load
coupling effects dependent on reinforcement design, reinforcement material (e.g.
non-crimp fabrics or woven textile reinforcements) and non-linear material be-
havior increase the complexity. It is shown in [166] that CFRE comprise strong
differences in axial tensile and compression modulus. For the tested CFRE axial
compression modulus is only 3.5 % of the axial tensile modulus value. At the rigid
parts compression and tensile moduli are in a comparable range. This circumstance
in combination with the integral aspect of continuous reinforcement makes it nec-
essary to evaluate the hinge element in a holistic approach and not by determining
the individual flexural properties of the rigid and elastic area.
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Moreover, it is believed that geometric dimensions (e.g. hinge length, hinge width,
and hinge thickness) play a decisive role. According to conventional bending the-
ories (e.g. Euler-Bernoulli bending theory [167]) thickness is involved by the third
power. Compression and tensile stress increase dramatically as a result of thickness
variation.

Besides, testing of composites always represents challenges due to strong depen-
dencies on specimen dimension. Free-edge effects can play a decisive role, leading
to deformation or failure behavior dominated by specimen dimension rather than
material or component properties. Suitable dimension on coupon level as well as
associated analysis variants need to be identified to establish a meaningful experi-
mental characterization.

5.2 Introduction of a new bending test device for
large deflection

For IFRHs the deflection response to bending loads represents the most significant
property since high-strain composite material with its heterogeneity and anisotropy
leads to complex stress distribution and damage behavior such as fiber buckling
and delamination. Numerous test methods to determine the flexural properties
of structures and materials can be found in literature (see Chapter 5.2.1). The
large variety underlines the necessity of individual development and adaption of
existing methods to particular requirements and analyzing targets. In this chapter
the development of an application oriented bending device for large deflections is
presented allowing the direct correlation between bending moment and deflection
angle.

5.2.1 State of the art of bending test devices

The most common testing methods for the bending investigation of composite
materials are the 3-point and 4-point bending tests [168][169]. Representing a stan-
dardized test they are used to determine the flexural properties such as flexural
stiffness and flexural strength for rigid or semi-rigid plastics and composite ma-
terials. Concerning the analysis of the flexural properties of soft materials they
show limitations and drawbacks described by Plietsch et al. [170] and Zineb et al.
[171]. The following drawbacks exist: load application via contact points, slippage
of specimen from the supports at high curvatures, change in measurement length
at high curvature and superposed load cases of bending moment and transverse
shear forces. Besides, additional drawbacks are strong displacement of the bent
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specimen area at high curvatures, no reverse loading, no cyclic tests and no direct
measurement of bending angle.

To overcome these drawbacks specific bending devices for the characterization of
sheet metal materials have been developed using different principles. At the Mc-
Master University [172] a cantilever bending test is used to investigate formability
of materials (see Figure 5-5 a)). A crosshead of a testing system causes the rotation
of a drum where a roller applies the bending load to the specimen. Large deforma-
tion can be applied. The roller assures an orthogonal force introduction resulting in
an easy determination of the bending moment. No cyclic or unbending load cases
can be realized.
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Figure 5-5 a) Cantilever bending test [172] with a rotating drum introducing a perpendicular
force into the free end of the specimen, b) pure bending device based on an adapted
4-point-bending device [171]

A pure bending device for large displacement was introduced by Zineb et al. [171]
based on the adaptation of the 4-point bending principle (see Figure 5-5 b)). The
test device uses rigid load introduction parts at the ends of the specimen including
pivots and a slide connection to enable horizontal translation of the loading points
to adapt the projected length of the sample. When the testing systems introduce a
vertical displacement the rigid load introductions lead to a rotation of the specimen
ends around an axis within the specimen midplane introducing a bending moment
into the specimen. In 1987, Kyriakides and Shaw [173] presented a pure bending
test for the study of thin-walled tubes (see Figure 5-6 a)). It consists of two pivot
points at the end of the specimen. There, it is supported to be free in transverse
direction. This setup was used by Chang and Peng [174] to investigate cyclic and
reverse bending of circular tubes.

Plietsch et al. [170] presented a bending measurement system consisting of two
rotational clamps. One clamp is fixed to a rig frame and enables the introduction
of a bending moment. The other clamp can slide in a translation manner to adapt
the changing clamp distance during deflection. Boers et al. [175] presented a further
development of this principal for frictionless pure bending based on two orthogonal
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linear guides where both specimen clamps can slide frictionless (see Figure 5-6 b)).
The bending moment is imposed via one of the rotational clamps creating a virtual
rotation point. The other clamp registers the applied bending moment. This set up
enables a frictionless pure bending since lateral forces cannot be transferred. The
device can be operated cyclic, reverse, rotation- and bending moment controlled.
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Figure 5-6 a) Pure bending test apparatus [174], b) frictionless pure bending device [175]

For hinge like composite elements and curvature morphing skin materials a number
of specific tests exist. Schmitz and Horst [176] [177] introduced a bending test for
the investigation of corrugated and curvature morphing skins (see Figure5-7 a)).
The device consists of two clamps where the specimen ends are mounted. They
can rotate around pivot points. The clamps can be adjusted regarding the pivot
point to minimize the distance error between the tangential clamps for defined
curvatures. This device does not enable a pure bending load but instead represents
morphing reality and allows for cyclic loadings.

!" #"

Figure 5-7 a) Curvature morphing skin sample in large bending device [177], b) apparatus for
measuring the moment-bending relation for tape springs [178]

Seffen, Mallikarachi and Pellegrino [178][179] use a bending test apparatus intro-
duced by Fischer [180] to investigate the bending moment-bending angle relation of
self-deployable, ultrathin composite tape springs and tape spring hinges for space
applications. It is based on two gear boxes where the torque can be applied and is
transmitted into the specimen (see Figure 5-7 b)). One is fixed to the apparatus
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and the second gear box can move on bearings towards the first. The torque is
manually adjusted. Bending angles are displayed by dials.

For the experimental analysis of the non-linear moment-curvature behavior of thin
fiber composite with silicone matrix acting like a hinge, Jimenez [75] used a vertical
specimen set up in a universal translative testing machine (see Figure 5-8 a)).
Bending is realized by vertical forces at the specimens ends. Frictionless bending
at the fixation points, rigid specimen ends, much lower bending stiffness in the
CFRE area and perfect hinge behavior with small free sample length, constant
curvature and bending moment are assumed. Bending moment and curvature are
determined by geometry and force equilibrium as it can be seen in figure 5-8 b)).
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Figure 5-8 a) Moment-curvature experimental setup [75], b) geometry and force equilibrium [75]

It can be seen that existing bending tests and devices for large bending are dom-
inantly used for material characterization regarding stiffness, strength and defor-
mation capabilities. Hence, they focus on the pure bending state. Thus, the risk
of measurement errors by superposed loads can be minimized. As against, inte-
gral fiber reinforced hinges need to be seen as holistic element with its rigid and
compliant components as well as their interaction. The presented investigation pur-
sues this aspect. Therefore, distinct requirements regarding a suitable bending test
device exist.

5.2.2 Requirements of the new bending test device for large
deflection

The application orientated operation of IFRHs includes repeated deflection to dif-
ferent positions, various deflection speeds, temperature loading and different ma-
terial set ups. Various mechanical properties related to the bending load case need
to be quantified for a comprehensive investigation of IFRH. Quasi-static investiga-
tion of first time deflection behavior to failure represents the fundamental analysis
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aspect. It is estimated that dependent on matrix materials, fiber materials and
reinforcement architectures the hinge bending behavior shows strong differences in
linearity and non-linearity dependent on the opening angle. The operation range
concerning the maximal deflection angle in combination with the hinge design needs
to be determined to be able to define the deflection limitation. At large bending
deformation fiber buckling and delamination can lead to reduced performance or
catastrophic failure of the composite. Besides, dynamic behavior, leading to higher
strain rates and fatigue behavior under repeated deflection needs to be studied and
understood to increase applicability. At those load cases flexible composite materi-
als show individual characteristics regarding stress softening, stress relaxation and
cyclic stiffness reduction and hysteresis effects reduced bending stiffness. To ana-
lyze these properties the bending device for the characterization of IFRHs needs
to fulfill the following requirements:

• Application orientated load case

• Various sample size

• Various reinforcement and mate-
rial design

• Rotation angle >= 90°

• Controlled bending and unbending

• Controlled positive and negative
bending angle

• Cyclic loading

• Elevated temperatures <= 80 °C

• Strain rate controlled tests

• Direct measurement of bending
moment - bending angle correla-
tion

• Digital image correlation to mea-
sure strain distribution in the cross
section area

• Optical observation of deformation
and failure behavior

The previously identified bending test devices for large deflection only comply par-
tially with the demands (see Figure 5-9). Some devices enable cyclic as well as
reverse bending load and measurement of bending moment and angle but they
lack the possibility to optically observe the strain conditions or failure mechanisms
at the cross sectional area at the bent specimen. The only test set up which implies
this demand is the cantilever principal where the rotational axis is nearly steady.
This bending scenario represents no pure bending since a lateral force is intro-
duced into the free bending length. Hence, it represents an application orientated
deflection of the hinge element in general. In contrast to the bending characteri-
zation of homogeneous materials where pure bending and constant curvature are
targeted, the hinge element with its finite, compliant area of flexible composite will
be subjected to non-constant bending lines and curvatures during operation. Pure
bending is not likely to be a realistic load case.
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Figure 5-9 Requirements of the new bending test device for large deflection and assessment of
existing tests

It is found, that the cantilever test setup, when adapted, allows for cyclic loading,
bending and unbending as well as positive and negative deflection. More impor-
tantly, due to the nearly constant position of the bending axis it is believed that
optical investigation of the deflection behavior can be established. In the following
the developed test setup and its measurement capabilities are introduced.

5.2.3 General description of the new bending test device

The developed bending device is based on a cantilever setup with a lever introducing
the bending moment into the deflected rigid hinge part and a clamping unit for the
fixation of the static hinge part (see Figure 5-10). The lever is powered by a step
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motor in combination with a gear box allowing for accurate rotation of the arm and
variable deflection profiles. A reactive torque sensor is installed between the motor
and the axial supported lever to measure the bending moment. The components
are attached to a base plate with a slot so that the lever can move freely in both
directions.
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Figure 5-10 Bending device for large deflections

The bending angle is determined by the step motor and by an inclinometer (not
displayed in 5-10) at the deflected hinge part. It is the function of the lever and
its contact unit to introduce a continuous normal force into the specimen without
friction. Ball-bearings establish the contact to the specimen and allow for friction-
less movement of the specimen if occurring. The contact unit can be adapted to
different sample thicknesses and lengths of the lever arm. To eliminate errors of
measurement of the bending moment due to self-weight of the contact unit and the
inclinometer counterweights can be adapted to equilibrate the lever. The clamping
unit can be adjusted continuously to various specimen thicknesses, hinge lengths
and positions. This allows the centrical installation of the samples relating to the
rotational axis of the lever. With this bending device the direct measurement of the
bending moment-opening angle relation is possible. The recorded parameters do not
need to be geometrically converted or adjusted. All elements allow for operation
and measurement at temperatures between -15 °C and 85 °C. The compact design
(800 mm x 500 mm x 300 mm) and standalone character enables the operation in
climate testing chambers.

5.2.4 Validation of the bending test device

For the initial validation of the bending device friction of the drive shaft is de-
termined and bending tests with steel specimens are conducted to evaluate the
accuracy of the bending device and measurement systems. Stiffness properties of
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steel specimens are determined in bending experiments and compared to literature
values. For the friction assessment the system is operated without lever and spec-
imen. It is observed that the friction induced torque is equal in both directions
with a value of around 0.002 Nm. This value corresponds to the accuracy class of
the torque sensor (0.05 %) with a measurement capability of 5 Nm nominal torque.
For the validation of the entire system steel specimens (AISI 302) with the width
of 25 mm and 50 mm and the thickness of 1 mm are bent up to 38° and reversed
to 0° deflection with 125 mm lever distance. The isotropic material and the Euler-
Bernoulli beam theory for small deflection allow the determination and correlation
of the measured E-modulus with the literature value of E = 193 GPa [181]. For the
mean value of 3 samples a Young’s modulus of 187 MPa for 25 mm wide specimens
and 184.5 MPa for 50 mm wide specimens is determined, both with a coefficient of
variation of 3.5 %. The experimental results show good correlation to the literature
value in the range of acceptable variance. The results of the experimental valida-
tion prove that the bending test device for large deflection in combination with the
applied measurement technology represent a viable solution to determine flexural
properties such as bending stiffness and bending moment-opening angle relation.

5.3 Bending investigation of integral fiber reinforced
hinges

In the framework of the presented study the bending behavior of IFRH and the
effect of influencing parameters are investigated. The sum of design parameters
and possible values allows for extensive combinations. In this thesis only a limited
amount of hinge design variations can be evaluated. Therefore, the focus is on
geometric characteristics at coupon level and distinct reinforcement architecture.

5.3.1 Materials and experimental methods

As elastomeric material the previously characterized Biresin® 407 [182] in combina-
tion with thermoset Biresin CRP75-15® [137] are used in all setups. As textile fiber
reinforcement a carbon fiber weave (HexcelForce® G0926 [105]) as well as unidirec-
tional fiber reinforcement (Hexcelforce® G1157 [183]) are used. The experimentally
investigated IFRH setups are displayed in Table 5-12.

At specimens with axis reinforcement design the warp direction of the woven fabric
correlates with the x-direction of the specimen. At off-axis specimens the warp
direction is rotated 45° (see Figure 5-12).
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Table 5-1 Specimen setup

Notation Reinforcement Hinge Hinge est. Hinge
design length width thickness

Variant 1 [0W ]4 axis 30 mm 25 mm 1.53 mm
Variant 2 [0W ]4 axis 30 mm 50 mm 1.53 mm
Variant 3 [0W ]6 axis 30 mm 25 mm 2.3 mm
Variant 4 [+45W ]4 off-axis 30 mm 25 mm 1.53 mm
Variant 5 [+45W ]4 off-axis 30 mm 50 mm 1.53 mm
Variant 6 [+45W2/0/ + 45W2] combined 25 mm 25 mm 1.85 mm
Variant 7 [+45W2/0/0/ + 45W2] combined 20 mm 25 mm 2.1 mm
W: weave

It is believed that equivalent to the common design ideology of fiber reinforced plas-
tics axis and off-axis fiber orientations will have a decisive influence on the bending
characteristics. Bending stiffness of axis reinforced specimens will be higher com-
pared to off-axis specimens since load direction correlates to the fiber direction.
Curvature distribution might vary due to differences in bending stiffness distribu-
tion and deformation capabilities. To cover the significant thresholds and occurring
particularities at the bending behavior the investigated hinge design orientates it-
self at axis (Variant 1 and 2) and off-axis (Variant 3 and 4) fiber orientations.

Variant 6 and 7 represent a combination of unidirectional and bidirectional re-
inforcement design. One and two layers of unidirectional non-crimped fabric are
combined with an off-axis design. The layers are put into the middle plain of the
composite. According to the Euler-Bernoulli bending theory neither compression
nor tensile loads exist at the neutral phase [167]. It is assumed that bending stiff-
ness might not be increased by axial reinforcing layers close to the neutral phase.
Certainly, in-plane stiffness and strength of the hinge element are enhanced.

A mean FVC of 55 % is pursued, leading to the estimated hinge thicknesses dis-
played in Table 5-1.

The hinge specimens are manufactured with a hybrid-matrix vacuum infusion pro-
cess. At the designated hinge area a flow promoting media is placed on top of the
preform (see Figure 5-11 a)). Elastomeric matrix material is locally integrated via
two inlets on both sides of the preform (see Figure 5-11 b)). Flow front propa-
gation is manually controlled by mass flow. When the pre-defined hinge area is
infiltrated the thermoset matrix material is infused at both sides via individual
inlets (see Figure 5-11 c)-d)). The different matrix materials meet in liquid state.
They are mixed during the infiltration process and create transition areas. Based on
this method all hinge specimens are manufactured. Specimens of each variant are
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Figure 5-11 HyMa vakuum infusion process

taken from the same initial composite plate to reduce the variance. In Figure 5-12
representative specimens are displayed as well as a cross-section micrograph. The
micrograph shows the transition area between thermoset and elastomeric matrix
material. The representative micrograph gives insight into the course of the tran-
sition line and its geometric extend. A tapered transition can be identified. This
is caused by the infiltration process. The local introduction of elastomeric matrix
takes place by out-of-plane and in-plane distribution. At layers closer to the flow
promoter the in-plane distribution progresses faster due to the time related infusion
offset. It is believed that the angled material transition has a negligible impact on
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Figure 5-12 Off-axis hinge specimens (Variant 6) and cross-section micrograph of matrix tran-
sition with tapered course

the bending behavior of the IFRH compared to the existing design parameters and
the dimensional characteristic.

In Table 5-2 the dimensions, coefficient of variation and FVC determined by areal
weight and thickness can be seen.

Table 5-2 Specimen dimensions

Notation Mean width cv Mean thickness cv FVC
[mm] [%] [mm] [%] [%]

Variant 1 24.73 0.11 1.51 1.56 56.44
Variant 2 49.96 0.11 1.58 1.56 53.94
Variant 3 24.92 0.21 2.34 2.24 54.63
Variant 4 24.94 0.18 1.58 2.01 53.94
Variant 5 50.07 0.04 1.71 2.08 49.84
Variant 6 24.91 0.63 2.16 1.61 46.7
Variant 7 25.06 0.09 2.30 1.61 50.06

Test specimens are installed into the bending device with the compliant area centric
and in line with the rotational axis of the lever. Distance between the rotational
axis and the clamping unit is set to 25 mm. This leads to a free specimen length
of 10 mm up to 15 mm before the hinge area begins. The contact unit is set to
100 mm lever distance to the rotational axis. The experimental intention lies at
the investigation of the hinge elements as a holistic system. The interaction of the
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compliant area with the rigid composite parts is of interest. The clamping situation
and introduction of bending moment play a decisive role and have a strong influence
on the bending behavior. With this clamping and loading setup the entire hinge
element is exposed to a bending moment. Due to the cantilever setup the bending
moment shows a linear slope within the specimen towards the clamping location.
Compared to bending with constant bending moment a certain point of interest
needs to be defined where a representative bending moment can be determined from
the introduced force and the defined lever distance. A suitable location would be
the individual distance of the resulting rotational axis of the hinge element. Here,
the bending moment leads to a decisive deformation and the highest curvature.
The determination of this rotation axis requires distinct knowledge regarding the
deformation behavior and influences the comparability. Since strong differences in
bending behavior are expected between the different hinge variants the location
of the rotational axis might vary significantly. The presented study pursues the
investigation of different hinge designs and their impact on the bending behavior.
To be able to compare the deformation characteristics common data acquisition
and analysis methods need to be ascertained. Against this background, it is the
author’s intention to select a representative bending moment location throughout
the entire test campaign. Thus, the center location of the hinge elements is chosen
as point of interest and therefore located at the rational axis of the bending device.

The presented study focuses on the characterization of hinge elements at large
deflections. Strong non-linearity, varying bending curvatures, extensive specimen
deformation, and influence of cyclic deformations are expected. This requires a four
step analysis process of the integral hinges.

1. Detemination and analysis of bending moment-opening angle for large hinge
deflection (90°)

2. Determination and analysis of bending modulus within the linear elastic range

3. Determination and analysis of deformation and strain behavior of IFRH spec-
imen

4. Determination and analysis of cyclic bending behavior

The bending moment-bending angle relation gives insight into the deformation and
possible failure behavior. The linear-elastic bending range, the maximum bending
moment, and characteristic effects can be determined. Virgin specimens are bent
up to 90° deflection and un-bent to 0°. Rotational speed is individually determined
according to the sample thickness. It is set to a resulting strain rate of 0.0015 min−1

at the outer fiber.
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According to the standardized bending test (e.g. 3-point bending [168]) bending
modulus is derived from bending moment and deflection data based on the Euler-
Bernoulli beam theory. Since this bending theory is only valid for linear-elastic
deformation, the bending modulus is determined within the linear-elastic range of
each variant.

The developed bending device allows the optical investigation of bending deforma-
tion using the DIC system ARAMIS (Version 6.3.0, GOM mbH, Braunschweig /
Germany) (see Figure 5-13 a)). Deformation of the specimen surface is detected and
strain distribution is visualized. The measurement length comprises the compliant
hinge area, the transition zones as well as the rigid areas of the integral hinge (see
speckled pattern Figure 5-13 b)).
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Figure 5-13 a) ARAMIS measurement setup, b) analysis area, measurement length, and analysis
cross-sections

This allows the investigation of global and local deformation peculiarities such as
distribution of in-plane strain within the hinge area as well as the interactions
between the three areas. From the out-of-plane deformation of the hinge elements
the bending line of the hinge is determined continuously along five cross-sections
(see Figure 5-13 b). The bending line is derived by the mean value of the five curves.
Additionally, curvature distribution along the hinge area can be determined by the
second derivation of the bending line. Results are smoothed using a Savitzky-Golay
filter. Optical analysis of the hinge elements is limited by the acquisition of valid
images where the correlation process leads to satisfying results. At elevated opening
angels of 45° the degree of deformation exceed the capability of ARAMIS since the
angle between the measured surface and the camera perspective is too low. Affected
areas, especially the free end of the hinge, cannot be analysed. In the presented
study deflection and strain behavior is analyzed at a 10° and 45° opening angle.
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Cyclic investigations are conducted within the linear-elastic range of the respective
variant. Specimens are cycled quasi-static 4 times in positive and negative direc-
tion. Softening effects can be assessed. The same specimens are dynamically cycled
1000 times and sub-sequentially tested quasi-static to derive the bending moment-
opening angel relation. This process is repeated after 10000 cycles. Softening effects
due to cyclic bending deformation at elevated number of cycles and possible fail-
ure behavior can be assessed. Rotational speed for the quasi-static bending runs is
individually set resulting in a strain rate of 0.0015 min−1 at the outer fiber.

5.3.2 Quasi-static bending tests: Bending moment-opening
angle responds

To identify the bending behavior of the different hinge variants as well as limitations
regarding bending deflection, in the first step hinge specimens of each variant are
bent to 90° lever deflection and un-bent to 0°.

Axis reinforced variants

Figure 5-14 displays the bending moment-opening angle response of variants with
axis fiber orientation. The results show good consistency within the respective
variants. Comparable deflection behavior can be seen at three distinct load levels.
Characteristic is a nearly linear slope up to approximately 5° opening angle. At this
bending angle a kink can be recognized in all variants followed by a second apparent
linear response of the bending moment-opening angle relation with a reduced slope.
This second slope leads to non-linear softening at elevated opening angles between
8° and 15°. A peak in bending moment can be identified for all specimens as final
stage of this softening process. The highest bending moment is required to deform
the specimens of variant 2. Lowest bending moment can be seen at the specimens
of variant 1. Except of sample 3 of variant 2 the peaks in bending moment can be
found between a 20° and 27° opening angle. Subsequently, consistent plateaus in
the course of the bending moment can be seen until the maximum bending angle
is reached. At variant 2 and 3 an increase in bending moment can be recognized
towards the final bending deflections. At all variants the retraction curve caused
by the un-bending can be found well below the initial bending curve. Excessive
hysteresis effects can be identified. At 0° deflection a residual bending moment up
to -0.25 Nm exists.
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Figure 5-14 Bending moment-opening angle relation of axis reinforcement: Variant 1 (25 mm
width, 1.5 mm thickness), Variant 2 (50 mm width, 1.5 mm thickness), Variant 3
(25 mm width 2.4 mm thickness)

In Figure 5-15 the normalized bending moment-opening angle relation can be seen.
Bending moment is normalized to the momentum of inertia given by the individual
hinge width and thickness (see Equation (5-1).

nor. Bending moment = Bending moment
width · (thickness)3

12
(5-1)

This diagram allows the analysis of geometrical influences on the bending behavior.
It can be seen that all variants show consistent relation at the initial linear elastic
range up to a bending angle of 5 %. The results correlate with analytic assumption
about the linear influence of the specimen width as well as the influence of the
thickness correlation with the third power at the moment of inertia. Deviations
can be seen at elevated opening angles regarding the peak values in normalized
bending moment as well as the load levels of the plateaus.

Bending behavior of axis specimens is dominated by early failure processes due to
fiber buckling and local delamination at the compression loaded side of the spec-
imen. In Figure 5-16 a specimen of variant 1 is displayed at 45° opening angle.
Here, buckling and delamination can clearly be seen. The peak of bending moment
represents the critical bending moment as it is referred by Maqueda and Pellegrino
[72]. When the critical stress state is reached warp fibers at the outer fiber start to
buckle. It is believed that this failure process is continuously progressing through
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Figure 5-15 Normalized bending moment-opening angle relation of axis reinforcement: Variant
1 (25 mm width, 1.5 mm thickness), Variant 2 (50 mm width, 1.5 mm thickness),
Variant 3 (25 mm width 2.4 mm thickness)

the specimen in thickness direction. Layer by layer the critical bending moment is
reached due to the enhanced deformation, leading to the plateau at the bending
moment-opening angle relation. It is assumed that the damage caused by compres-
sion loads is the main reason for the strong hysteresis effects during un-bending.
The buckling and delamination of single rovings of the textile reinforcement lead
to a loss in integrity and herewith load carrying capabilities. Specimen deforma-
tion after reaching the critical bending moment is characterized by local bending
(see Figure 5-16). Specimens start to fail at the position where the highest bending
moment can be expected within the compliant part of the hinge element. This loca-
tion correlates with the transition area between elastomeric and thermoset matrix
material at the clamped side of the hinge.

Off-axis reinforced variants

Figure 5-17 displays the bending moment-opening angle response of variants with
off-axis fiber orientation (e.g. Variant 4 and Variant 5). The specimens of Variant
5 show satisfying correlation between the different samples. A linear response up
to opening angles of approximately 27° followed by continuous non-linear stress
softening until the necessary bending moment is attained to reach the designated
deflection. A mean bending moment of 1.63 Nm exists at the maximal opening angle
of 96°. Samples of variant 4 show a different bending response. Linear behavior can
be assumed for the initial deflection up to approximately 15° . The ongoing bending
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Figure 5-16 Bending deflection of variant 1: a) at 45° opening angle, b) buckling behavior at
compression loaded side

response shows continuous stress stiffening characteristics. Bending moment reaches
0.57 Nm at the designated lever position. The actual bending angle at the free end
of the hinge at 90° deflection of the lever is 98°.
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Figure 5-17 Bending moment-opening angle relation of off-axis reinforcement: Variant 4 (25 mm
width, 1.5 mm thickness), Variant 5 (50 mm width, 1.5 mm thickness)

Striking is the divergent deflection behavior of the variants compared to the axis
reinforcement. Neither a plateau in bending moment nor a peak in bending moment
exist before the maximum deflection is reached. This correlates with the observation
that no obvious failure behavior like buckling or delamination can be identified
during the experiments. At both variants pronounced hysteresis effects and residual
bending moments can be seen at the un-bending process. In comparison to the axial
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variants it is concluded that these effects are caused by the elastomeric matrix
material as well as its interaction with the fibers.

In Figure 5-18 the normalized bending moment-opening angle relations are given.
It can be seen that the necessary normalized bending moment to reach the 90°
lever position of the test device are in a comparable range. Here, the geometrical
effects (25 mm and 50 mm specimen width) between variant 4 and variant 5 do
not seem to influence bending behavior and a linear correlation seems reasonable.
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Figure 5-18 Normalized bending moment-opening angle relation of off-axis reinforcement: Vari-
ant 4 (25 mm width, 1.5 mm thickness), Variant 5 (50 mm width, 1.5 mm thickness)

Certainly, strong difference in bending behavior at smaller opening angles are no-
ticeable. The curves differ significantly. Wide specimens show steeper slopes at
initial opening angles resulting from higher inherent bending stiffness.

This leads to the assumption that at off-axis specimens the linear correlation be-
tween the bending responds and specimens width is not applicable. It is assumed
that the global bending behavior at off-axis specimens which can be seen in Figure
5-19 is the reason for the differences between the variants. Besides the continuous
deformation, perpendicular bending deformation at the CFRE area is present. It
is believed that the off-axis fiber orientation results in bending-bending coupling.
Induced bending moments lead to orthogonal bending curvatures. This behavior
can be found at both variants. In comparison to the wide specimens at the 25
mm specimens reinforcing fibers are not embedded in both rigid sides of the hinge.
Fibers end within the compliant area. At the 50 mm wide specimens warp and weft
fibers are embedded within both rigid hinge areas in every reinforcement layer. This
circumstance leads to a constraint since these fibers cannot deform free within the
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hinge elements. It is believed that this constraint results in higher bending moments
at comparable deformations.
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Figure 5-19 Bending deflection of variant 4 at 50° opening angle

Combined reinforced variants

Figure 5-20 displays the bending moment-opening angle response of variants with
combined axis and off-axis fiber orientation. Specimens of variant 6 show non-
linear deformation behavior throughout the entire bending range. Stress stiffening
at initial opening angles up to 30° leads to softening effects and decreasing slopes in
the bending moment-opening angle relation. Bending moments of 0.49 Nm exists
when the specimens are deformed by up to 90° lever position. The free hinge ends
poses an actual opening angle of 91°. Both specimens show good correlation in their
bending moment- opening angle responds for the entire bending and un-bending
processes.

Variant 7 comprises two unidirectional layers in the mid plane compared to variant
6. Samples show linear bending relation up to approximately 15° opening angle. A
non-linear response can be identified at elevated deflection with bending-softening
character. The average bending moment at 90° lever position is 1.1 Nm. The re-
sulting hinge opening angle is 94.5°.

Both variants show bending behavior comparable to the off-axis specimens. No
peak in bending moment nor a plateau in the bending moment-opening angel re-
lation exists as it is the case at axis reinforced hinges. Striking is the difference
in bending resistance. The normalized bending moment-deformation relation (see
Figure 5-21) points out this circumstance. Maximal normalized bending moments
differ significantly with 23.7 N/mm2 for variant 6 and 44.4 N/mm2 for variant 7.
Due to the normalization regarding the momentum of inertia thickness deviations
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Figure 5-20 Bending moment-opening angle relation of axis/off-axis reinforcement: Variant 6
(25 mm width, 2.18 mm thickness), Variant 7 (25 mm width, 2.3 mm thickness)

is considered. A reason for this effect might be the difference in FVC. The FVC
at specimens of variant 6 is 3.36 % lower than at specimens of variant 7. Besides,
the ratio of 0° reinforcing layers might influence the bending behavior since axis
reinforcing leads to higher bending loads for comparable deformations. Further-
more, the variants show differences in hinge length. Hinge length of variant 6 is
25 mm compared to 20 mm of variant 7. It is assumed that hinge length plays a
decisive role for the deformation behavior since it determines curvature distribu-
tion at the hinge elements and in combination with mechanical parameter of the
material bending stiffness.

In Figure 5-22 the bending behavior of variant 7 can be seen. Compared to the
bending behavior of the off-axis specimens no perpendicular deformation can be
observed at elevated opening angles. The UD layer seems to constrain this defor-
mation mode. Fiber warpage can be seen on the surface of the compression loaded
side at elevated opening angles above 60°. Compared to the axis specimens this dis-
tributed warpage behavior does not lead to fiber breakage or an obvious residual
composite failure after the specimens are un-bent to 0° opening angle.
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Figure 5-21 Normalized bending moment-opening angle relation of axis / off-axis reinforcement:
Variant 6 (25 mm width, 2.18 mm thickness); Variant 7 (25 mm width, 2.3 mm
thickness)

Figure 5-22 Bending deflection of Variant 6 at 40° opening angle

Considering the maximal bending angles of the different variants differences can be
found. All specimens were deflected to 90° lever position. Due to their individual
bending behavior showing variations in bending curvatures, curvature distribution
within the hinge area and the geometric preconditions of the rotational axes the
maximal opening angles reach from 77° to 97°.

5.3.3 Bending modulus

The different variants can be compared regarding their bending modulus to quan-
tify the influence of specimen dimension and fiber reinforcement. Determination
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of bending modulus is based on the Euler-Bernoulli Beam Theory (EBBT) [167]
adopted to the setup of the bending test device, the measured bending moment-
opening angle relation and the inherent characteristics of the hinge with its com-
bination of rigid and flexible components. It is believed that due to the strong
differences in bending stiffness between the rigid composite and the fiber rein-
forced elastomer bending deformation at small deflections and low load levels only
occurs within the hinge area.
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Figure 5-23 Schematic bending deformation of integral fiber reinforced hinges

No bending deformation is expected in the rigid areas. This leads to following
assumptions for the boundary conditions of the deflection (wx) and the slope (w�

x
)

at the clamped side (cs) and free side (fs) of the compliant area.

• No deflection of the clamped side of the hinge (cs):

w (lclamp) = 0

w’ (lclamp) = 0

• No curvature along free rigid end

Additionally, a mass less beam can be assumed since the specimen rests at the
load introduction and the weight of the free end of the hinge can be considered
negligible in relation to the hinge stiffness.

Thus, the CFRE hinge part can be treated as discrete cantilever beam with a free
bending length of lhinge and a maximal bending moment at the clamped side (Mcs)
which can be determined from Mr. This bending moment correlates with the torque
measured at the bending device.

Mcs = Mr

llever

· ( lhinge

2 + llever) (5-2)
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According to the EBBT and the existing boundary conditions the bending angle
at the free end with lhinge as free bending length can be described as:

ϕlhinge
= Mcs · lhinge

2 · EzI
(5-3)

Here, (EbI) describes the bending stiffness of the hinge. The bending modulus (Eb)
can be determined as following using the measured bending moment-opening angle
relation:

Eb = Mr

ϕlhinge

·
( lhinge

2 + llever) · lhinge

2 · llever · I
(5-4)

Eb Bending modulus
I Geometrical moment of inertia
Mr Bending Moment at the rotational axis
Mcs Bending moment at the clamped side of the hinge area
ϕlhinge

Measured opening angle at free length
In Table 5-3 the bending modulus values, the standard deviation and coefficient of
variation can be seen. Slopes from the bending moment-opening angle relation in
the linear elastic range between 1° and 5° are selected.

Table 5-3 Bending modulus (Eb), standard deviation (SD), coefficient of variation (cv)

Notation Eb SD cv

[N/mm2] [N/mm2] [%]
Variant 1 9642.32 819.44 8.5
Variant 2 8430.61 298.27 3.54
Variant 3 8787.11 550.99 6.27
Variant 4 1030.73 64.79 6.29
Variant 5 1787.56 171.88 9.62
Variant 6 221.05 10.92 4.94
Variant 7 749.37 10.22 1.36

Axis reinforced hinge specimens (variant 1-3) show good correlation between the
bending modulus within the standard deviation between 8430.61 N/mm2 and
9642.32 N/mm2. The assumption that thickness and width variations show no
significant influence when the hinge design is dominated by axis fiber course is
encouraged. Strong difference in bending modulus between the axis and off-axis
specimens can be seen. Variants which can directly be compared such as variant
1 and variant 4 reveal a reduction bending modulus of factor 9.3. A geometrical
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influence of the specimens width at off-axis fiber reinforcement can be recognized
at the bending moduli of variant 4 and 5. They differ only in specimen width.
They deviate significantly from each other (1030.73 N/mm2 to 1787.56 N/mm2).
An increase of approximately 58 % in bending modulus points out the strong non-
linearity induced by geometrical and hinge related boundary conditions such as the
continuous and un-continuous fiber course within the hinge. An additional pecu-
liarity represents the low bending modulus of variant 6.

It is believed that the significant drop in stiffness between axis and off-axis fiber
reinforcements is caused by the fiber orientation and its influence on composite
properties at FRP as shown in the previouse chapter. Aditionally, excessive fiber re-
orientation within the elastomeric matrix material at the tension and compression
loaded areas contribute to this circumstance. Especially off-axis fiber orientation
allow for excessive movement within the soft matrix reducing the stiffness [54].
The low values of variant 6 and 7 can be explained by the thickness and FVC
properties. At the bending load case the material thickness has significant influence
since it is part of the second moment of inertia contributing with the third power.
Besides, thickness and FVC are directly implicated at FRP. Hence, increase in
specimen thickness with comparable amount of fiber reinforcement reduces material
properties.

It needs to be mentioned that the EBBT is only valid for small deflections in
the linear elastic range without considering shear induced deformation [167]. The
determined bending modulus (Eb) shall therefore not be seen as specific mechan-
ical property of the tested hinge materials. The hinge does not represent an ideal
isotropic material. It is believed that compression and tension stiffness of the fiber-
reinforced elastomer deviates which leads to un-centric neutral axis. An un-centric
neutral axis would lead to coupling effects such as bending-bending coupling. Be-
sides, the deformation at the cantilever beam represents a three dimensional prob-
lem with superposed loading. In combination with fiber reinforced materials stiff-
ness properties determined by bending cannot be compared with stiffness results of
one dimensional test. Though, Eb allows the comparison of different hinge designs.

5.3.4 Deformation behavior and strain distribution

As it can be seen in the previous chapters bending responds of the hinge variants
show strong differences depending on the hinge setup. It is believed that a reason
for this can be found within the general deformation behavior (e.g. bending line and
curvature distribution). To characterize the different influencing parameters at fiber
reinforced hinges the deformation behavior is assessed. The continuous deflection
of the hinge caused by the bending deformation can therefore be optically detected
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using DIC. Bending lines of the different variants derived from the surface deflection
and the curvature distribution can be determined and compared at defined opening
angles.

Derived from the initial bending experiments opening angle at 10° and 45° are
investigated. At 10° opening angles linear elastic range at axis specimens is exceeded
but the critical bending load is not yet reached. No specimen failure needs to be
expected influencing the bending deformation up to this deflection. For off-axis
and combined variants 45° represents a deflection state within the linear range (e.g.
variant 4, variant 6) and slightly above (e.g. variant 7). It is believed that differences
in bending behavior get more influential at higher opening angles. 45° represent a
compromise between high bending deflections and possible failure initiation.

For the optical investigations only specimens with 25 mm width are considered.
Wide specimens (e.g. variant 2 and variant 5) are not analyzed since no suitable
camera setup was identified covering the large deformation in combination with
the areal surface.

Deformation and strain at 10° opening angle

In Figure 5-24 representative bending lines and curvature distributions for axis,
off-axis and combined specimens can be seen at an opening angle of 10°.
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Figure 5-24 Bending line and curvature distribution along the hinge specimens at 10° opening
angle
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The deflection behavior over the measured length which correlates with the region
of interest at the hinge specimens shows continuous increase for all variants. The
bending lines show no sign of local buckling, leading to a sudden increase in deflec-
tion. It is believed that bending loads are homogeneously distributed throughout
the entire hinge. Certainly, differences regarding initial deflections and deflections
at elevated measurement lengths can be identified between the variants.

At axis specimens of variant 1 higher deflections exist close to the clamping com-
pared to the off-axis and combined variants. It can be seen that the bending line
of variant 1 comprises strong deviation in slope towards the free end compared to
the displayed variants. This means that opening angles at this position are smaller
than at the corresponding variants. To comprise the 10° opening angle at the free
end stronger bending deflection is expected in the rigid part of the hinge towards
the load introduction. Variant 1 reveals curvature values between 0.0021 mm−1

and 0.0028 mm−1 throughout the measurement length. This leads to the assump-
tion that along the entire hinge element continuous increase in bending angle exists
almost independent of the elastomeric matrix region. That means that at axis spec-
imens bending deformation shows a global character within the elastic and rigid
areas.

Off-axis and combined variants show curvature distributions which converge into
comparable curvature values between 0 mm−1and 0.0047 mm−1 with distinct max-
imas within the elastic hinge area. It can be concluded that curvature of the hinge
element which is necessary to realize the forced opening angle is distributed more
locally within the compliant hinge area. It is believed that these effects are depen-
dent on the difference in bending stiffness between the compliant hinge area and
the rigid area of the hinge. Higher differences in bending stiffness, which are ex-
pected at off-axis and combined specimens, lead to a shift in deformation towards
the elastic hinge region. Resulting bending moments lead to higher deformation at
regions with lower bending resistance. Minor differences in bending stiffness as it is
expected at axis reinforced specimens lead to a constant deformation distribution
throughout the entire hinge, leading to higher curvature and deformation values at
the rigid areas.

In Figure 5-25 the strain distribution at the outer surface in x- and y-direction is
displayed for the different variants.

A distinct strain pattern of compression strain in x-direction exists at specimens
of variant 1. Strain varies locally between 0 % and -0.60 %. Strain distribution in
y-direction at variant 1 shows a distinct distribution of tensile and compression
strain within the analyzed hinge surface.
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It is assumed that the strong strain pattern in x-direction is caused by high com-
pression strains occurring in 90° rovings and resin rich areas. It is believed that
the present deformation state leads to complex stress distribution. Transverse con-
traction within the specimen in combination with the inherent characteristics of
the woven textile such as fiber undulations and resins rich areas as well as the
transition from rigid to soft matrix results in three-dimensional stress states and
heterogeneous strain distribution. It is believed that the missing capability of stress
homogenization due to low shear modulus of the soft matrix material enhances this
phenomena. At the rigid areas close to the clamping and at the free end of the hinge
the strain distributions show more homogeneous character.

Besides, individual particularities related to the strain distribution can be seen
between the variants (see Figure 5-25). Strain distribution of variant 4 comprises the
highest compression strains of approximately -0.5 % centric within the compliant
hinge area. Towards the clamped and free end compression strains can be found
between -0.15 % and 0 %. This circumstance can be seen at variant 6 and variant 7
in a comparable extend. This correlates with the curvature analysis giving evidence
that in the rigid areas only limited bending deformation in comparison to the elastic
hinge area can be found.

However, differences between the strain distribution at off-axis and combined re-
inforced specimens are noticeable within the elastic area. As against the centric
distribution at variant 4 a planar distribution at variant 6 and a x-shape distribu-
tion at variant 7 of high compression strains in x-direction can be seen. Comprising
maximum strain values of approximately 0.5 % to -0.6 % compression strain. At
variant 6 is seems as if the additional 0° reinforcing layer in the middle plane leads
to a homogenization of strain and stress. The distinct centric location of strain
peaks caused by the perpendicular curvature as a result from the bending-bending
coupling at variant 4 have vanished. Strains in x- and y-direction are uniformly
distributed. In accordance to the bending behavior no excessive perpendicular cur-
vature is expected.

A noticeable strain pattern can be seen at variant 7 comprising two 0° reinforcing
layers in the middle plane in combination with a short hinge length of 20 mm.
Maximum strain values in x- and y-direction accumulate, leading to an x-shape
within the elastic hinge area. The reason for this can be found at the continuous
reinforcement in the hinge area where ±45° fibers are embedded within the rigid
and in the elastic area. In comparison to the other variants with hinge lengths above
25 mm the given specimens width leads to this circumstance. This means that ±45°
fibers are constrained in their capability to move within the elastic matrix by the
rigid fixation in the stiff matrix. The peaks in compression and tensile strains in x-
and y- directions can exactly be found along these fibers. The distinct x-shape is
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the result of both side effects at the specimens in the elastic area and ±45° fibers
which are only constrained at one side meaning that they start their course within
the rigid areas but run out within elastic area.
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Figure 5-25 Strain distribution in x- and y-direction at 10° opening angle
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Deformation and strain at 45° opening angle

In Figure 5-26 the bending lines and corresponding curvatures for an opening angle
of +45° are displayed. Only off-axis and combined specimens can be analyzed. Axis
specimens show distinct local failure behavior at elevated opening angles.
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Figure 5-26 Bending line and curvature distribution along the hinge specimens at 45° opening

angle

The bending lines gives evidence to a continuous hinge deformation throughout the
entire hinge element even at elevated opening angel. No local buckling can be iden-
tified. The bending lines in the deflection-measured length diagram show distinct
courses for identical opening angles. At hinge specimens of variant 6 bending de-
flection is higher at initial measured lengths. Specimens of variant 7 comprise slow
increase in deflection at the initial 12 mm of the clamped side with linear character
followed by a considerable increase up to 35 mm measured length ending with a
linear part.

This deflection behavior is reflected within the course of curvature. Inherent in the
deflection behavior of variant 6 is the distinct peak in curvature of approximately
0.02 mm−1 close to the clamping. This early peak in curvature in combination with
high curvature close at the clamping leads to a high deflection level throughout the
rest of the hinge element. The deflection behavior of variant 7 involves the highest
peak in curvature of 0.0268 mm−1 at 18.58 mm measured length. High curvature
values with a strong local occurrence result in small distinct bending radii at the
hinge as it can be seen in the deflection behavior of variant 7. The continuous
bending deflection characteristic of variant 4 can be explained by its course of
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curvature. No distinct peak in curvature can be found along the measurement
length.

The compliant mechanism combining elastic and rigid composites cause the dis-
tinct deformation within the elastic hinge area which leads to a strong increase
of curvature values at this defined area. It is believed that this effect is increased
by the mentioned differences in bending stiffness between rigid and elastic hinge
segment, reduced hinge length and low bending stiffness at the elastic area. Variant
7 has an elastic hinge length of 20 mm and a bending modulus of 749.37 N/mm2.
Deformation is strongly reduced to a restricted length of the hinge, leading to high
curvature values with a distinct peak. Different behavior can be seen at variant 4.
Hinge length is 30 mm and bending modulus is 1030.73 N/mm2. Induced bend-
ing deformations can be distributed onto a larger hinge length, leading to lower,
constant curvature values.

Here, again the distinct influence of reinforcing architecture, distribution of bending
stiffness within the hinge element and the influence of hinge length on the bending
behavior can be seen. The presented variants show the same bending trend at
10° angle and 45° opening angle. It is believed that within this opening angle no
individual material failures occurs at the hinge elements which leads to a decisive
change in bending behavior as it is the case at elevated opening angles of strictly
axis reinforced variants.

Besides, the deformation behavior the strain distribution shows particularities when
specimens are bent up to 45° opening angle. In figure 5-26 the strain allocation in
x- and y- direction at 45° opening angle can be seen.



174 Experimental characterization of integral fiber reinforced hinges

!"#$%&'()*%#+,"%-& !"#$%&'.)*%#+,"%-&
/
$#
%$
&"
'0

/
$#
%$
&"
'1

/
$#
%$
&"
'2

Figure 5-27 Strain distribution in x- and y-direction at 45° opening angle

Variant 4 shows comparable strain distribution in both directions at elevated strain
levels as it is the case at 10°. The local, centric position of the compression and
tensile strain peaks in x- and y-direction lead to the assumption that the perpendic-
ular curvature caused by the bending-bending coupling is still existent. Due to the
increased differences between peak strains where high loads can be expected and
nearly strain free areas a pronounced effect is assumed at elevated opening angles.
Noticeable is the continuous transition of high tensile strains of approximately 2 %
in the elastic hinge area into compression strains at the rigid areas in y-direction.
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In relation to a geometrical manner this means that the perpendicular curvature
changes its direction.

Variant 6 shows comparable strain distribution at 45° and at 10° opening angle.
Homogeneous character at both directions can be seen. The highest compression
strains in x-direction can be found at the transition area close to the clamping.
The reasons are the highest bending moments and resulting compression stresses
which can be expected here. Strain distribution in y-direction shows no particular
characteristics. Homogeneous distribution of tensile strains can be seen reaching
up to 2 % within the hinge area.

Distinct differences between the strain pattern at elevated bending angles can be
seen at variant 7. The existing x-shape of compression strains in x-direction within
the elastic area has disappeared. Compression peaks can be seen within the hinge
area. Hence, perceptible indication of textile particularities is not visible. It is
believed that at elevated deformation compression stress distribution changes as a
result of deformation constraints by the inherent character of the integral hinge.
Striking is the difference between the present compression strains reaching from 0 %
to approximately -5 %. This fact points out the distinct deformation taking place
predominantly within the elastic area of the hinge. Strain distribution in y-direction
shows two regions with a triangle shape involving the highest tensile strains up
to 3 %. These free edge effects are result of the continuous fiber reinforcement
embedded within the rigid and elastic matrix materials. Only a limited amount of
fiber crossing the specimens with a ±45° angle in the middle are constrained by
this fact since most of the off-axis fibers bundles end within the elastic area.

5.3.5 Influence of cyclic deflection on hinge properties

One-time deflection events do not represent the designated application mode of
IFRHs to full extend. The compliant element will see repeated bending events
during lifetime. Bending and un-bending to different bending angles with elevated
number of cycles are expected. In the framework of this thesis the influence of cyclic
deformation on the bending behavior, possible damage and failure modes and on
the in-plane properties of integral fiber reinforced hinges is investigated. Specimens
based on the defined hinge variants are cycled 4 times where every cycle is measured.
Additionally, specimens are dynamically cycled 1000 times and 10000 times. Bend-
ing moment-opening angles relation at elevated cycles is measured quasi-static after
the specimens reach the number of cycles and are compared to the initial bending
modulus of virgin specimens. Besides, pre-bent as well as virgin test specimens are
tensile tested to determine the strength and stiffness properties. Three specimens
of each variant are tested.
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Cyclic flexural properties

Axis fiber reinforced specimens are cycled up to bending deflection of ±10° opening
angle. Specimens with off-axis and combined fiber reinforcement are bend to ±45°
opening angle. These deflection profiles are derived from the initial bending test. It
is intended to identify the operational space of the hinge variants. Therefore, bend-
ing deflection is set above the linear elastic opening angel response of the different
variants. Previous tests and investigations show that no obvious catastrophic dam-
age or failure such as visible fiber buckling or crack initiation needs to be expected
up to these opening angles. However, specimen failure is accepted in the presented
study to gain more insight into possible fatigue and failure behavior. Since this
study represents the fundamental investigation it is believed that distinct informa-
tion about failure behavior is more valuable for the on-going design process than
proving durability at low deflections levels.

In Figure 5-28 representative bending moment-opening angle relations of the dif-
ferent variants can be seen. The first three cycles as well as the measured cycle
after 1000 cycles and 10000 cycles are displayed.

At axial fiber reinforced specimens of variant 1 (5-28 a)) it can be seen that the first
three cycles show no significant deviation. Hysteresis effects exist with less magni-
tude compared to the specimens deflected to 90°. Similar deflection behavior can
be seen after 1000 cycles. It is believed that the cyclic bending up to opening angles
of ±10° leads to no decisive failure up 1000 cycles. Deviations regarding bending
modulus and deformation behavior can be identified after 10000 cycles. Necessary
bending moment to bend the specimen to the maximal deflection decreases up to
24.76 % after 10000 cycles. It is assumed that at elevated number of cycles material
damage like fiber matrix de-bonding at microscopic level occurs. No obvious dam-
age can be determined optically after 10000 cycles compared to the other variants.
Table 5-4 shows the number of damaged specimens and the corresponding point of
time.

Related cyclic bending behavior can be identified at variant 3 (5-28 b)). Speci-
men response to the bending after 1000 cycles follows the initial bending behavior
disregarding the negative bending deflection. Here, softening effects can be seen.
Bending behavior of specimens bent up to 10000 times reveal considerable mate-
rial softening at elevated bending angles in a comparable range as it can be seen
at variant 1. Maximum normalized bending moment after 10000 cycles is reduced
about 31.22 % related to the initial bending deformation. Specimens of variant 3
show significant fiber buckling over the entire specimen width at the end of the
10000 cycles. At the surface excessive fiber buckling takes place at the transition
area close to the clamping (seen Figure 5-29). Buckling is dominantly identified
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Figure 5-28 Normalized bending moment-opening angle relation initial 4 deflections, after 1000
cycles and after 10000 cycles: a) Variant 1 , b) Variant 3, c) Variant 4, d) Variant
5, e) Variant 6, f) Variant 7



178 Experimental characterization of integral fiber reinforced hinges

Table 5-4 Number of specimen and point in time when visible damage occurs

No. of cycles 1 1000 10000
Variant 1 0 0 0
Variant 2 - - -
Variant 3 0 0 3
Variant 4 0 3 0
Variant 5 0 0 3
Variant 6 0 1 2
Variant 7 0 2 0
3 specimens for each variant

at 0° rovings. The rovings lose their integrity and delaminate. Since only single
rovings delamiante, intralaminar delamination is assumed. Fiber buckling can only
be identified on one specimen side. It appears at the specimen side primarily being
exposed to compression stresses. It is believed that the initial deflection direction
might determine the later location of damage. Specimens of variant 3 are approxi-
mately 0.8 mm thicker than specimens of variant 1. It is believed that due to the
higher thickness the resulting critical buckling stress is reached within the outer
fiber, leading to the buckling.

!"#$%&#'()*"+,&-+.&.$*-/"+-0"1+&

Figure 5-29 Damage behavior of variant 3

Variant 4 in Figure 5-28 c) gives insight into the cyclic bending behavior of off-
axis reinforced variants. Here, hysteresis effects are stronger comparing the bending
and un-bending responses in both deflection directions to the axis variants. Both,
residual deformations as well as residual bending loads can be identified at the
intersections with the axis of origin. At off-axis fiber reinforced hinges with 25 mm
width the linear slope up to elevated opening angles can still be identified. Strong
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deviations exist between the initial 4 cycles and the bending responds after 1000
and 10000 cycles. Hinge softening with reduced bending modulus can be seen at
the representative slop at small opening angles. Average maximum in normalized
bending moment is reduced about 23.16 % after 1000 cycles and 26.10 % after
10000 cycles. Hence, specimens show identical bending behavior after 1000 and
10000 cycles, leading to the assumption that after 1000 cycles no more softening
and responsible effects need to be expected. This conclusion is not approved by the
point in time when damage can be detected (see Table 5-4). Considerable damage
such as delaminations at the mid-plane of the specimen in the transition area close
to the clamping and at the free end can be identified at every specimen (seen Figure
5-30). Thus, they appear during the cyclic bending up to 10000 cycles.
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Figure 5-30 Damage behavior of variant 4

Off-axis fiber reinforced specimens with 50 mm hinge width (variant 5 (5-28 d))
show comparable bending behavior to the narrow variant 4. Significant softening
can be seen between the first bending cycle and the following ones at elevated
opening angles. Independent from the bending direction.

Maximum bending angle is reached with successively decreasing bending moments.
Continuous softening of the specimens after 1000 and 10000 might be caused by
failure processes like macroscopic delamination within the middle plane of the hinge
close to the clamped side.

At variant 6 5-28 e)) the increasing number of cycles lead to successive reduction
of bending stiffness represented by the decreasing slope at small bending angles.
Necessary bending moments to reach the pre-defined opening angle are reduced
about 35 %. This reduction is already reached after 1000 cycles. Due to the similar
course of the bending responds after 1000 and 10000 cycles, it is assumed that
effects, leading to the elevated loss in stiffness happen during the first 1000 cycles.
Damage such as delaminations (see Figure C-2) can be observed at every specimen.
They occur in the mid-plane between the 0° reinforcing layer and the adjacent
off-axis 45° layer. In comparison to the other variants delaminations show large
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extend within the rigid part of the hinge at the clamping. Delaminations exceed
the transition area.
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Figure 5-31 Damage behavior of variant 6

Specimens of variant 7 show significant deviation at the bending moment-opening
angle relation after 1000 cycles. Specimens show bi-linear charter with a kink at
approximately 7.5°. A reduction of maximal bending moment of 31.53 % in com-
parison to the first cycles exists. Besides, strong delamination between the unidirec-
tional 0° and 45° layers can visually be detected after 1000 cycles (see Figure 5-32).
On-going cyclic investigations are stopped. Maximal normalized bending moment
to reach the designated opening angle is decreased about 35 % in comparison to
the initial bending deflection.

!"#$%&'$(&)'*

Figure 5-32 Damage behavior of variant 7
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It is believed that material damage due to delamination at the mid-plane of the
off-axis and combined reinforced specimens are caused by in-plane shear loads
resulting from transverse forces and in-plane load changes as well as excessive
deformations in combination with strain incompatibility of the 45° and 0° layer.
At bending load cases of rectangular cross sections the maximum shear load can
be found around the mid-plane. Although the elastic matrix materials offers high
shear deformation capability the inherent character of the integral hinges with
rigid embedding of fibers on both side prevents the horizontal slippage between the
different layers resulting in higher in-plane shear loads. Especially at variant 6 and
variant 7 where 0° layers can be found in the mid-plane strong difference between
strain capabilities of axis and off-axis reinforcements exist. It is believed that these
strain incompatibilities promote the crack propagation at elevated number of cycles
between single layers.

In Table 5-5 bending modulus values for the initial cycle as well as the elevated
cycles are given. Bending modulus is determined according to the method presented
in chapter 5.3.3 between 1° and 5° opening angle.

Table 5-5 Bending modulus at cyclic bending (Eb) and coefficient of variation (cv)

No. of cycles 1 1000 10000
Eb cv Eb cv Eb cv

[N/mm2] [%] [N/mm2] [%] [N/mm2] [%]
Variant 1 9642.32 8.50 9513.51 7.23 6551.01 8.5
Variant 2 8430.61 3.54 - - - -
Variant 3 8787.11 6.27 8179.08 13.49 4720.03 6.27
Variant 4 1030.73 6.29 779.69 3.58 723.53 2.78
Variant 5 1787.56 9.62 1479.94 10.69 1324.48 11.68
Variant 6 221.05 4.94 185.54 7.16 189.3 5.54
Variant 7 749.37 1.36 607.43 6.61 - -

A trend of decreasing bending modulus after 1000 and 10000 cycles compared to
the first bending deformation can be identified. Figure 5-33 displays the normalized
bending moduli as a result of the cyclic deformation. High losses in bending modu-
lus can be seen at axis variants (variant 1 and 3). Strongest degradation takes place
between 1000 and 10000 cycles. Here, the bending modulus is reduced by 31 % at
variant 1 and 42 % at variant 3. Compared to this the bending modulus degrada-
tion at off-axis and combined variants implies a continuous character. Striking is
the development of Eb for specimens of variant 6. No on-going degradation can be
identified after 1000 cycles. The mean bending modulus is higher after 10000 cycles
compared to the value at 1000 cycles. Hence, the increase lies within the standard
deviation of both values. The bending modulus seems to converges to a constant
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value. It is assumed that no additional damage is introduce to the specimens after
1000 cycles.
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Figure 5-33 Degradation of bending modulus related to elevated bending operations

The cyclic bending investigation gives distinct insight into the behavior of integral
fiber reinforced hinges at elevated bending cycles. Except of variant 1 all specimens
show distinct damage at elevated bending operations. Though, damage behavior
differs between the axis and off-axis dominated specimens. Axis specimens of vari-
ant 3 lead to fiber buckling and local delamination of 0° rovings. Off-axis domi-
nated specimens comprise excessive delaminations in the mid-plane. A reason for
the occurrence of damage could be the strong deflection up to 45° opening angle.
These bending deformations lead to high shear loads and in-plane shear deforma-
tion within the mid-plane of the specimen. It is believed that the elastic matrix
material and the fiber matrix connection is not capable to withstand these deforma-
tions and resulting strains at increasing bending cycles. Although fiber reinforced
elastomers allow excessive strains and fiber reorientation. It is assumed that due to
the cyclic character macroscopic damage such as fiber-matrix de-bonding accumu-
lates, leading to global damage and reduction of bending modulus. It is believed
that compared to variant 1 operation conditions for axis specimens with reduced
opening angle can be found where shear deformations are within a suitable range,
not leading to damage even at high numbers of bending cycles.

Tensile properties after cycling

For the evaluation of the fatigue behavior and the influence of bending induced
damage tensile test are performed to determine the tensile strength and tensile
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modulus after cyclic bending. Reference specimens not being exposed to any bend-
ing deflections are available for variant 6 and variant 7. Influences of cyclic bending
on tensile properties can be directly compared. Specimens of variant 1 and variant
3 are tensile tested to evaluate the impact of fiber buckling at the outer fiber as it
can be seen in Figure 5-29. Specimens of variant 3 show excessive damage compared
to specimens of variant 1. Potential impact is quantified.

Tensile tests are dominantly performed at variants comprising axis fiber reinforce-
ments (e.g. variant 1, variant 3, variant 6 and variant 7) since distinct failure events
are expected making it possible to determine tensile strength. Pure off-axis rein-
forcement show asymptotic course of the stress-strain curve without sudden failure
as it can be seen in chapter 4.3.4. For variant 1 only tensile modulus can be de-
termined to give insight into the stiffness increase by the 0° reinforcing layers at
variant 6 and variant 7.

Tests are performed according to DIN EN ISO 527-3 using a universal tensile
testing machine UP 250 by Hegewald and Peschke. Test speed is set to 2 mm/min.
Strain and deformations are measured via video-extensometer and DIC. Strain is
determined at the hinge area.

In Figure 5-34 tensile modulus and strength of selected variants can be seen.
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Figure 5-34 Tensile properties axis variants

All specimens failed within the elastic hinge area, giving evidence to the fact that
elastic matrix materials leads to a flaw within the composite, leading to an failure
initiation within the hinge.

Comparing the results of variant 1 and 3 regarding tensile modulus and strength
it can be seen that variant 3 shows lower values for both material parameter.
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Average tensile strength is 35 % lower. Average tensile modulus is approximately 5 %
lower. Hence, modulus values lay within the standard deviation, respectively. Both
variants differ only in the number of layer (variant 1: 4 layers and variant 3: 6 layers).
Specimen of variant 3 show significant fiber buckling and local delaminations at the
outer fiber due to pre-bending at elevated cycles. Specimens of variant 1 showed no
sign of fiber buckling or comparable damage modes. It is believed that the excessive
pre-damage leads to the distinct degradation of in-plane tensile strength. Both,
homogeneous load distribution as well as load carrying capability of pre-damaged
and delaminated fibers seems to be limited weakening the entire composite.

Direct correlation of cyclic pre-bent and verging hinge specimens can be established
with variant 6 and variant 7. In Figure 5-35 tensile strength and tensile modulus
can be seen. Besides, the tensile modulus values of variant 4 are displayed.
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Figure 5-35 Tensile properties off-axis and combined reinforced variants

Striking are the marginal differences in tensile strength and tensile modulus of the
pre-bent specimen in comparison to the reference specimens, respectively. Mean
values of cycled and virgin specimens can be found within the standard deviations.
A distinct trend showing degradation of in-plane properties does not exist. These
results are noticeable due to the fact that excessive damage in form of mid-plane
interlaminar delaminations between the 0° reinforcement and the 45° reinforcement
can be assessed at the pre-bent specimens of variant 6 and variant 7 (see Figure C-2
and Figure 5-32). The reason for this might be the general characteristics of fiber
reinforced elastomer as it is assessed in chapter 4. Highly elastic matrix material do
not support load transfer by means of shear stiffness between reinforcing fibers or
reinforcing layers. Similar effects can be found at delamination. The loss in integrity
between layers prevents load transfer and load distribution among layers. As it can
be seen at the strength and stiffness results with the identical effect. It can be
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stated that composite damage such as mid-plane delaminations within the hinge
area has no negative impact on the tensile properties.

5.3.6 Summary

In the presented study IFRH specimens have been expererimentally investigated
based on a bending device for large deflections.

The investigation of existing test methods and devices for the characterization of
the flexural properties show that conventional and existing devices are not suit-
able for the comprehensive study of integral fiber reinforced hinges. The presented
bending test device for large deflections allows the assessment of bending and un-
bending, cyclic operations, various deflection profiles and velocities, optical analyzes
of the deformation behavior of the hinge as well as the direct correlation of bending
moment-opening angle relation. Distinct flexural properties of IFRH can be deter-
mined such as bending modulus, deflection behavior strain distribution, and the
impact of cyclic operations up to 10000 cycles.

The hinge specimens which are manufactured based on the hybrid-matrix vacuum
infusion process show different bending behavior dependent on the fiber architec-
ture, hinge length, and specimen dimension. In the present study hinge design
includes woven carbon fiber reinforcements with axis and off-axis direction as well
as combined architectures including 0° unidirectional layers in the mid-plane of 45°
woven fabric layers. Investigated hinge length can be found between 20 mm and
30 mm. Specimen thickness between 1.5 mm and 2.7 mm and specimen width of
25 mm and 50 mm are investigated.

It can be stated that axis fiber reinforced hinges lead to higher bending mod-
uli with a factor up to 45 compared to off-axis reinforced specimens or combined
reinforcement. Axis variants show comparable bending moduli, leading to the as-
sumption of minor influences of specimens dimensions such as specimen width or
thickness. Off-axis specimens reveal dependencies regarding specimen width. 50 mm
wide specimen show bending modulus values with a factor of 1.7 higher than that
of 25 mm wide specimens. The reason can be found at strong bending-bending cou-
pling at off-axis specimens as well as the fact that at 50 mm wide specimens fibers
are embedded within the elastomeric hinge area and both rigid areas of the hinge.
This leads to a constrain in fiber re-orientation within the elastic hinge part dur-
ing the bending defection. Higher bending moments need to be applied to realize
comparable opening angles.

Influence of fiber architecture can be seen at the damage and failure behavior. Axis
specimen show local fiber buckling at the compression loaded side at opening angle
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around 20° as soon as critical compression stresses are reached. Off-axis specimens
show no obvious failure behavior at initial bending up to 90° deflection. Thus,
perpendicular curvatures can be seen due to bending-bending coupling.

Analysis of bending lines derived from the optical assessment via DIC show the
impact of reinforcement architecture and hinge length on the curvature distribution
throughout the hinge element. Even though all specimens are bent to identical
opening angles the bending lines and curvature distribution differs significantly. It is
found that higher differences in bending stiffness between the rigid and elastic hinge
parts in combination with small hinge lengths lead to higher and local curvature
within the elastic hinge area.

Cyclic investigation give insight into the fatigue behavior of integral fiber reinforced
hinges. Two damage modes are identified. Axis reinforced specimens can develop
excessive fiber buckling and intralaminar delamination of single 0° warp rovings
at the outer surface. Off-axis specimen and specimens comprising 0° layers in the
mid plane show excessive interlaminar delamination at the mid plane. Specimen
damage is predominantly identified after elevate number of bending cycles up to
10000.

The impact of damage based on repeated bending operations on in-plain proper-
ties is assessed by tensile test on pre-bent and virgin specimens. Results reveal
that at axis specimens fiber buckling and delaminations lead to a strong reduc-
tion of tensile strength of approximately 35 %. At hinge specimens with off-axis
fiber reinforcement in combination with 0° layers in the mid plane no influence
of the cyclic pre-bending and the identified damage on the tensile modulus and
strength can be identified. Delaminations seems to have the same impact as the
elastic matrix material in general. The low matrix shear modulus has no capability
for load homogenization between the fibers. At pre-bent damaged hinge specimens
the delamination prohibits load homogenization as well with a comparable effect.
Hinge damage such as excessive delamination within the elastic hinge area does
not represent a significant flaw regarding in-plane properties at the presented hinge
specimens.

The experimental study gives a comprehensive insight into the specific character-
istics of IFRH. Low bending moduli, locally restricted, in combination with high
in-plane tensile stiffness and strength values clearly point out the potential of IFRH
being highly shape adaptive in combination with high in-plane load bearing capac-
ity.



6 Conclusion
Shape adaptive structures for aerodynamic applications in aviation and the auto-
motive industry represent a promising solution to increase efficiency during oper-
ation. A central challenge of shape adaptive lightweight structures is the conflict
between the required load bearing capability and the high shape changing ability.
High potential to overcome this contradiction show compliant mechanisms based
on continuous carbon fiber reinforcement and local integration of elastomeric and
thermoset matrix material (i.e. IFRH). The presented thesis follows three main tar-
gets and associated research questions to make IFRHs available as feasible design
element for technical applications in the near future.

1. Identification and evaluation of a suitable hybrid-matrix manufacturing process

In the framework of this thesis a HyMa RTM process is presented for the manu-
facturing of hybrid-matrix laminates. It allows the defined and simultaneous (i.e.
co-injection) integration of multiple matrix materials into a continuously fiber rein-
forced laminate. The HyMa RTM process concept is validated analytically based on
an adaption of Darcy’s law as well as simulatively using PAM-RTM (Version 2015.5,
ESI Group, Paris) [109] to define relevant process parameters. Subsequently, it is
experimentally validated using a HyMa RTM tooling specifically designed for this
purpose. The experiments focus on the demonstration that the flow front velocity
and the geometry of two merging flow fronts can be modified within the preform,
leading to a defined matrix transition within the laminate.

It is found that the HyMa RTM process based on local, reversible over-compaction
of the preform during injection represents a viable concept. At the experiental
HyMa RTM tooling a flexible compaction device embedded in the tooling allows
the pressure controlled over-compaction of the preform. This leads to a locally
reduced permeability and hence the local reduction of flow front velocity during
injection of up to 98%. Herewith, flow front velocity and the shape of two flow fronts
can be modified locally. The result is a controlled alignment of the flow fronts at
a pre-defined transition line within the laminate. The measured reduction of flow
front velocity correlates with predicted values determined via Darcy’s law, which
is adapted to the serial connection of different permeabilities within the preform
and a deviation in the cross-sectional area.

Co-injection experiments proof that two resin systems can be injected simultane-
ously forming a defined transition line at the over-compacted area within the lam-
inate. The transition line can be found within a tolerance zone between 6.64 mm
and 8.53 mm. Fluorescent micrographs show that the matrix materials mix within
and in between rovings, leading to a gradual material transition.

187
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It is found that the local, reversible over-compaction and the merging flow fronts
have only small effects on the laminate quality. Thickness deviations between the
compacted area and regular laminate thickness lay between -1.17% and -7.05%.
Void contents in the transition area show no significant deviations from the rest
of the laminate. The values are within the range of measurement accuracy. It can
be stated that the removal of the local over-compaction prior to the final matrix
curing leads to a complete fiber bed relaxation.

2. Identification and evaluation of suitable elastomeric and thermoset matrix ma-
terials

Matrix materials need to be compatible regarding the manufacturing process, their
mechanical properties as well as their chemistry to be used within IFRH. Pre-
selected elastomer and thermoset resins as well as material mixes based on elas-
tomer and thermoset resins are experimentally investigated regarding their process
relevant properties (i.e. rheology), chemical compatibility (i.e. miscibility) and ten-
sile properties. The main work focuses on the investigation of matrix influences (e.g.
tensile modulus and tensile strength) on the tensile properties of the corresponding
carbon fiber reinforced elastomers and thermosets.

The pre-selection of matrix material shows that commercially available PU resin
systems can be found with strain capabilities between 10% and 950% (strain at fail-
ure) offering low viscosity, sufficient pot life for infiltration processes and good fiber
matrix bonding. Besides, the investigations reveal that elastomer and thermoset PU
resin systems exist (elastomer: Biresin® 407, thermoset: Biresin® CRP75-15) which
are chemical compatibility (i.e. miscibility) when mixed by means of single TG’s over
a wide range of mixing ratios. The two resin systems represent an optimal matrix
combination for a HyMa process and IFRH since a gradual transition of composite
properties can be expected between the elastomeric and thermoset laminate areas.

Furthermore, the tensile test study of carbon fiber reinforced polymers7 using ma-
trix materials covering a wide range of tensile moduli from highly elastic (1.85 MPa)
to medium elastic (22.88 MPa) to tough (1155.89 MPa ) to conventional rigid
(2480.26 MPa) reveal that the matrix material has significant influence on fiber
dominated material properties of the composites (e.g. tensile modulus, tensile
strength, Poisson’s ratio). Test specimens are manufactured using a HyMa infil-
tration process. Here, specimens’ ends of the CFRE specimens are embedded in
thermoset resin. Hence, high loads can be introduced via the specimens clamping
into the axis fiber reinforcement, leading to valid tensile strength and modulus
values. Stress-strain behavior of the CFRE with highly and medium elastic ma-
trix material reveals excessive fiber reorientation and straightening, when tested

7Textile reinforcement: 5H satin carbon fabric, axis direction correlates with warp direction
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in fiber direction, leading to bi-linear material behavior with a stiffening factor up
to 1.93 related to the initial tensile modulus values. Tensile moduli of the fiber re-
inforced matrix materials, determined with a contactless digital image correlation
system, range from 19043.31 MPa (highly elastic matrix material) to 59264.96 MPa
(thermoset matrix material) when tested in fiber direction and from 141.05 MPa
(highly elastic matrix material) to 12788.71 MPa (thermoset matrix material) when
tested in off-axis (45°) direction. Composite tensile strength values tested in fiber
direction range from 355.69 MPa (highly elastic matrix material) to 787.63 MPa
(thermoset matrix material). It is found that the excessive drop in stiffness and
strength is the result of excessive fiber reorientation as well as decreasing shear
moduli of the matrix materials. Low shear moduli prevent the load transition and
load homogenization between the single fibers and entire rovings. The roving-wise
failure behavior and the absence of a defined fracture plane at the CFRE specimens
with highly elastic matrix material support this finding. The results clearly point
out the matrix influence on the composite properties and establish a database for
tensile strength and stiffness values for the matrix selection and design of IFRH.

3. Characterization of the bending behavior of IFRH

The characterization of thick8 IFRH is based on bending experiments of hinge
coupons manufactured with a HyMa infusion process with different hinge designs
(i.e. fiber orientation and hinge dimension). The inherent character of IFRH (i.e.
continuous fibers embedded in thermoset and elastomeric matrix material), the high
bending deflection capabilities, and the individual deformation behavior require the
development of an individual bending test device for large deflections. Herewith,
bending stiffness, bending curvature within the elastic composite area at quasi-
static and cyclic hinge deflection is evaluated. Furthermore, the influence of cyclic
bending9 on in-plane tensile strength and stiffness of IFRHs is investigated.

The experimental bending investigation of IFRH specimens reveal that fiber orien-
tation within the hinge area has a decisive influence on the deflection characteris-
tics (i.e. linear elastic bending behavior), bending stiffness, bending deformation,
and curvature distribution of the IFRH. Axis fiber reinforcement1011 leads to high
bending moduli (up to 9642.32 N/mm2), linear elastic bending behavior up to 15°
opening angle, and local failure behavior (i.e. fiber buckling on compression loaded
side). In comparison, IFRH specimens with off-axis (±45°) fiber orientation show
low bending moduli down to 1030.73 N/mm2. The experiments reveal that linear
elastic bending behavior can be found up to opening angles of 30° and even 90°.

8Specimen thickness between 1.51 mm and 2.3 mm
910000 bending cycles with 10° and 45° opening angle

10Textile reinforcement: 5H satin carbon fabric, axis direction correlates with warp direction
11Warp direction perpendicular to bending load
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The tests result in strong bending deformations perpendicular to the bending di-
rection due to bending-bending coupling of the composite and the fact that fibers
are embedded into thermoset matrix material at both sides of the elastic hinge area
constraining fiber movement. Certainly, the combination of axis unidirectional fiber
reinforcement within the neutral axis of off-axis fiber reinforced specimens reduces
these effects and leads to an excessive increase in in-plane tensile stiffness and
strength. At the off-axis dominated IFRH single hinge deflection to elevated open-
ing angles (45°) does not lead to obvious damage. However, cyclic bending (up to
10000 cycles) leads to ply delamination close to the neutral axis of the specimen
accompanied by a degradation in bending stiffness. Though, tensile test reveal that
no reduction in tensile modulus and strength needs to be expected at damaged off-
axis reinforced specimens. It is found that delaminations within the elastic hinge
area have the same effect as a low shear modulus of elastomer matrix material.
The load transfer between plys and fibers is hindered by delaminations and / or
low shear modulus. Hence, delaminations within the CFRE area do not result in a
degradation of in-plane tensile strength or stiffness.

The experimental investigation emphasizes that integral fiber reinforced hinges
based on the hybrid-matrix approach using locally applied elastic matrix materials
represent a functional design element. Very low bending moduli locally constrained
within a conventional CFRP laminate in combination with high in-plane stiffness
and strength represent a viable solution to realize lightweight structures with high
shape adaptability and high load bearing capabilities. It can be stated that IFRH
comprise the benefits of integral manufacturing processes, functional integration,
and the advantages of compliant mechanisms.



7 Outlook
The presented research results regarding hybrid-matrix processes, carbon fiber re-
inforce elastomers as well as integral fiber reinforced hinges represent an initial step
towards industrial applicability of IFRH. Following topics are recommencement for
the ongoing investigations:

Hybrid-matrix process

Scaling of the part size and transition line complexity

The manufacturing of the HyMa test plate with a straight transition line between
two matrix materials shows that the general HyMa RTM process concept based on
local, reversible over-compaction of the preform is a feasible functional principle.
Besides the presented laboratory scale, feasibility has to be proven on large scale
composite parts (e.g. engine hood, wing segments, etc.) with complex pre-defined
transition lines between different matrix materials. Besides the manufacturing of
IFRH, the HyMa RTM process concept allows a variable transition line within
CFRP structures. Especially in large integral structures the local application of
different matrix materials can be beneficial. The adaption of matrix related com-
posite properties to locally changing requirements can be achieved.

Identification and evaluation of suitable filling simulation software

RTM processes show strong variability regarding process design (e.g inlet-, outlet
strategy, temperature, resin systems, fiber reinforcement, etc.). In relation to the
HyMa RTM process, where multiple inlets and outlets need to be defined, simu-
lation based process design and evaluation are inevitable to reduce development
time and costs. Software solutions have to be found where multiple resin systems
with individual curing behavior can be implemented within a single filling simula-
tion. Besides, time related changes of permeability values and time related changes
of cavity height, as it is the case at the reversible, over-compacted preform area,
need to be considered to establish a precise prediction of flow front distributions of
multiple flow fronts.

Investigation of fiber bed relaxation and the relation to resin viscosity

One factor of success for excellent HyMa composites with an out-of-plane transition
line is the complete fiber bed relaxation when the over-compaction is released. It is
believed that this process is strongly related to the resin viscosity. Optimal release
times for the compaction device have to be identified correlating to the optimal
resin viscosity supporting complete fiber bed relaxation without undesired resin
flow.

191
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Material properties of carbon fiber reinforced elastomer

Identification of alternative matrix material combinations (elastomer / thermoset)

In the presented thesis, resin combinations have been identified and evaluated re-
garding their chemical compatibility by means of miscibility. With regards to the
application at IFRH, where the resin systems mix during manufacturing, addi-
tional matrix combinations need to be identified providing a comprehensive mate-
rial database for the design of IFRH.

Experimental investigation of unidirectional carbon fiber reinforcement

The presented study focuses on woven carbon fiber fabrics. Due to excessive fiber
undulation, strong deviations in tensile properties of CFRE and their dependency
on matrix properties (i.e. tensile modulus, tensile strength) are expected compared
to unidirectional fiber reinforcements. A comparable tensile test study using uni-
directional carbon fiber reinforcement, matrix materials with a comparable range
of tensile properties, the presented HyMa manufacturing process as well as the
contactless strain measurement system would represent a decisive contribution to
the state of the art.

Determination of compression properties

Besides the determination of tensile properties of CFRE and in particular the
characterization of the influence of the matrix properties (i.e Young’s modulus and
strength) on compression properties need to be determined. It can be seen that
CFRE show strong differences in tensile and compression properties [72]. A bi-
linear material behavior is assumed. At IFRHs, bending loads lead to tensile and
compression stresses within the elastic hinge area. Comprehensive knowledge on the
compression stiffness and critical compression stress (i.e compression stress before
fiber buckling) of CFREs and their dependency on the matrix properties represent a
necessary requirement for their characterization as well as the simulative modeling
of IFRH.

Material modeling using non-linear numerical models on multiple scale

The evaluation of the cross-ply approach based on the classic laminate theory in
combination with a geometric knockdown factor shows strong deviations to exper-
imental tensile modulus values of CFRE. In literature, non-linear material models
can be found for unidirectional fiber reinforced elastomers showing a satisfying
agreement regarding stiffness and strength prediction. Regarding textile reinforce-
ments, more complex analytic models exist (e.g. mosaic model) trying to capture
the textile architecture and fiber undulation. Thus, it is expected that these analytic
models are not fully capable of the prediction of stiffness properties considering high
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elastic non-linear matrix materials and stain dependent fiber-reorientation. There-
fore, numerical material models need to be evaluated which consider the complex
geometry of textile reinforcements in combiantion with elastic matrix material at
macroscopic scale as well as microscopic scale. Hoffmann [50] gives a comprehen-
sive overview of modeling techniques and software tools and shows that non-linear
stress strain behavior of CFRE with woven fiber reinforcement can be predicted in
general.

The experimental data and result of the presented thesis represent a comprehensive
data base. Therefore, they should be used for the creation and evaluation of efficient
numerical models considering the textile architecture, different matrix moduli, and
specific effects such as non-linear Poisson’s ratios for the sustainable prediction of
stress and strain properties of CFRE with woven fiber reinforcements.

Experimental characterization of integral fiber reinforced hinges

Evaluation of the influence of elastomer matrix materials and hinge dimensions

In the presented thesis, a medium elastic elastomer matrix system12 is characterized
in combination with different fiber architectures. It is expected that the matrix
stiffness and strength properties at the flexible area have a decisive influence on the
bending behavior (bending stiffness, curvature distribution, linear elastic bending
range, critical compression stress, etc.) of IFRH. The next step should be the
experimental investigation of IFRH comprising highly elastic and tough matrix
materials to identify the specific bending behavior and tensile properties. Besides,
it can be seen that the hinge dimension (i.e. the length of the flexible area) has a
decisive influence on the curvature distribution and deformation of the specimen.
Understanding its influence on the bending behavior is essential for the design of
shape adaptive structures using IFRHs.

Numerical material models and simulation based IFRH design

Equivalent to CFRE, suitable simulation approaches and material models have
to be identified that are capable of sustainable deformation prediction of IFRH.
IFRH represent highly complex structures due to interactions13 between continuous
fiber reinforcement embedded into elastomer and thermoset matrix material in
combination with complex bending load cases. Hence, next to the precise prediction
of the individual hinge areas (flexible laminate area and stiff laminate areas) their
interaction needs to be considered with suitable boundary conditions including the

12Hardness: 85.9 Shore A, strain at failure: 220%
13Constrain of fiber movement within thermoset matrix



194 Outlook

gradual material transition between the elastomer and thermoset matrix material
within the laminate.
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