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Chapter 1
Introduction

Martin Wiedemann and Michael Sinapius

Abstract Polymer composites offer the possibility for functional integration since
the material is produced simultaneously with the product. The efficiency of
composite structures raises through functional integration. The specific production
processes of composites offer the possibility to improve and to integrate more
functions thus making the structure more valuable. Passive functions can be
improved by combination of different materials from nano to macro scale, i.e.
strength, toughness, bearing strength, compression after impact properties or
production tolerances. Active functions can be realized by smart materials, i.e.
morphing, active vibration control, active structure acoustic control or structure
health monitoring. The basis is a comprehensive understanding of materials,
simulation, design methods, production technologies and adaptronics. These dis-
ciplines together deliver advanced lightweight solutions for applications ranging
from mechanical engineering to vehicles, airframe and space structures along the
complete process chain. The book provides basics as well as inspiring ideas for
engineers working in the field of adaptive, tolerant and robust composite
structures.

The existence of load carrying structures has been taken for granted up to the point
that their function is hardly being perceived. But with regard to the efficient use of
resources load carrying structures receive a new importance since they represent
masses and thus their movement requires energy. In many cases load carrying
structures constitute a significant part of the total mass of a technical product.
Many functions of a technical product, however, add their own masses. If the load
carrying structure is called a primary structure with respective primary masses, all
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the parts providing the other functions are secondary masses. These parts are for
example motors, sensors, brackets, housings, cables, media tubes, interior panels.
Although these functions finally constitute the technical product, they are of minor
importance with respect to the global load carrying function of the complete
product. Especially in passenger transport a considerable number of functions is
needed to ensure the required safety and to provide the requested comfort.

The traditional approach of product development is characterized by the sep-
aration of functions: in a safe, reliable and stable way and without unwanted
deflections and vibrations passive primary structures carry the accelerated masses
of all the other functions and the operational loads caused by the product mission.
The division of technical parts into those responsible for the load carrying and the
others that provide further functions is caused by the separate development pro-
cesses of single technical components which are combined to more complex
subcomponents and finally to the global product at a later stage in the development
process. With regard to an efficient use of energy and the maximum saving of
resources it must be the aim to reduce the moving technical product mass to the
absolute minimum. If the structure is facing only small operational loads this
might be achieved by the substitution of heavier material by lighter ones. In other
areas as for example electronics, the functions can be minimized as well as the
power generators or batteries making the products lighter. But in the field of
transport, energy and production, i.e. whenever high loads have to be carried by
large technical machineries or vehicles other measures have to be taken.

Lightweight design gained importance first in aviation whereas its theoretical
foundations date back more than 100 years to Maxwell [1] and Mitchell [2]. It was
the lightweight design of the airframes which made it possible to realize techni-
cally and economically relevant flight distances. But at the beginning of the 20th
century lightweight design was also applied beside aviation in constructions where
a shortage of material occurred. Pioneering examples of lightweight architecture
were provided by Sukov [3] who was the builder of large pylons and transmission
towers in Russia.

The traditional lightweight design develops its potential when loads have to be
carried over a certain distance with a minimum of material application. If F is a
single load or p a load per unit length or q a shear load per unit length and l the
distance over which the load has to be carried, a characteristic structure parameter
can be defined as follows:

K � F
�

l2 oder K � p=l oder K � q=l

The smaller this characteristic structure parameter K is, i.e. the slender the
structure is, the more importance lightweight design gains. The use of the char-
acteristic structure parameter allows the optimization of lightweight structures as
shown by Wiedemann [4].

Lightweight design could demonstrate its potential first in the area of light-
weight metal alloys through the increasing differentiation of structural parts and
their related loading and failure mechanism. Topology optimizations have first
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been applied successfully by analytical methods [5–8] in order to maximize the
usage of the strength of the material.

Defined anisotropy with distinct strength or stiffness oriented in the same
direction as the applied loads characterizes lightweight design solutions. Stringer
stiffened plates, truss work structures with a maximum normal loading, sandwich
structures with high bending stiffness in combination with low core material
density are examples of the traditional lightweight design applied to many moving
products today.

A further development in lightweight design took place by the introduction of
composite materials which show a superior mechanical behaviour with regard to
strength and stiffness compared to metal materials. Strength and stiffness are the
most important mechanical properties that determine the required amount of
structure material. If the yield strength is defined as r; the Youngs modulus as Y
and the material density as q, the specific strength Rr and the specific stiffness RY

can be taken for the comparison of different structure materials.

Rr ¼
r
qg

; RY ¼
Y

qg

The specific strength can be understood as the maximum length a material (e.g.
a wire) can reach hanging down to the ground without a rupture caused by its own
weight.

In Fig. 1.1 several composite materials, for example, are compared with
lightweight metal materials. While the specific strength of the composites can be
eight times higher than the one of lightweight metal alloys, the specific stiffness
can reach up to four times higher values. In other words: if the structure has to
sustain a certain load in strength a composite structure can be up to eight times

Fig. 1.1 Strength and stiffness of composite materials in comparison to metal alloys and bio
materials
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lighter than the metal one. If the structure is sized by stiffness requirements, it can
be up to four times lighter in composite materials. In practice in most of the cases
this potential cannot be reached due to various other constraints, as for example the
minimum skin thickness, local load introduction provisions and the possibilities
for repair.

On the other hand in addition to the advantages in weight caused by the specific
properties of composite materials the specific production process opens up new
possibilities for the manufacturing of large complex structure components without
extra joints and couplings which after all also cause additional weight.

This benefit in weight is being paid for by the price of the semi-finished
products, i.e. fibers and resin, and by the consumption of time and energy and
therefore costly production technologies.

Considering the increasing complexity of the material’s characteristic parameters,
i.e. the material anisotropy, the local complexity of load-material interaction as
well as the need for the global analysis of complex structures, the analytical
approaches have been replaced by numerical ones of which the finite element
method (FEM) is the most popular one [9].

Today’s research and the development of primary structures is aiming at
achieving the maximum possible lightweight design in metal and—to an
increasing extent—in polymer composite materials. Effort is being put into opti-
mizing the structures in detail with respect to strength, stability, durability and
damage tolerance by means of FEM.

The relatively high costs per part for lightweight composite structures are
justified in aeronautics by the large snow ball effect in weight savings and have
been accepted for a long time. But now the demand for composite material
application in ground based transport systems (cars, trams, trains) is steadily
increasing despite the higher costs and the smaller snow ball effects because of the
growing demand to save energy in all technical fields.

The development in weight saving within primary structures, however, has been
counter balanced in many cases by an increasing number of additional functions
incorporated into the product with the consequence of a further weight increase.
Sometimes this increase in weight is caused by more stringent safety requirements,
sometimes by requested improvements in comfort. The total weight of the famous
VW Golf, for example, has been increased due to safety and comfort requirements
by 364 kg or 45% from 1974 to 2008 without increasing the seat capacity [10]. It
shall be mentioned that this effect has partially been balanced by improving the
efficiency of the motor and by reducing the fuel consumption by about 30%.

Even apart from this example it can be stated that for technical products the
energy consumption has increased over the last decades despite the enormous
improvements in lightweight design and the efficiency of the motors. This is
mainly due to the increased number of functions incorporated into the technical
products caused by the increasing safety and comfort requirements as already
mentioned above.

A further step in the direction of a consequent lightweight design is the con-
sideration of all these additional functions and their related material with the
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guiding idea that the more all the material which is required by further functions
can be incorporated into the load carrying task of the primary structure, the more
weight can be saved. Isolated product functions can be re-considered with respect
to their capability of carrying a certain part of the load in order to further minimize
the total weight of the product. In principle there are two approaches to be taken:

1. One can make distinct use of secondary masses to carry the product loads.
2. One can integrate as many of the additional functionalities as possible into the

primary structure.

If secondary masses are used to carry the product loads, questions concerning the
assembly of parts, regarding maintenance, inspectability, comfort, safety and often
also certification have to be considered and answered. Secondary structures are
frequently used as fairing and protective means in damage prone areas. The
questions regarding their load carrying capability in case of damage have to be
answered. Solutions have to be found to replace such damaged parts with reason-
able effort. Secondary structures protect against surrounding conditions, for
example passengers against low temperatures or pressures, against strong airflow or
vibrations. The question is how many of these protective functions can be main-
tained, if the secondary structure is more integrated into the primary one. Load
bearing joints must be designed without any tolerances and must be durable over
the entire operational lifetime of the product but have to be repeatedly detachable at
the same time. This requirement seems to be achievable. New assembly technol-
ogies are currently under development as for example detachable bonded joints.

Sometimes the use of secondary structures in the load carrying task of a primary
structure requires the incorporation of a load-monitoring system [11] that indicates
the potential loss of the load carrying capability. The design has to be made in such
a way that this loss can be accepted temporarily which results in some limitations
in the operational handling.

In the airplane fuselage for example a combination of the classic primary
structure with the cabin lining and the design of a double shell structure could be a
very efficient means to create a stiff structure against global and local bending.
Large aerodynamic fairings, for example in the intersection between the fuselage
and the wing, can be considered and designed so that they partially carry global
loads, Fig. 1.2a. Similarly media routes possess the ability to release the primary

Fig. 1.2 a Secondary structure belly fairing A320. b Cabin piping
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structure partially and therefore to contribute to the reduction of the total weight,
Fig. 1.2b.

In car design the combination of primary and secondary structures is sometimes
already realized, for example by the integration of the windshield front panel into
the car structure.

The approach which the scientific articles of this book refer to is the second
possible one, that is to integrate as many of the traditional non load carrying
functions as possible into the primary structure itself and thus to use as much of the
material as possible to carry the operational loads directly.

But the direct integration of further product functions into the primary structure
causes a distortion in the concerned load paths. In many cases the integration of the
function is possible through the combination of different materials that each have
their specific properties and create a load carrying structure together. Already the
composite structure is such a combination of materials. Composites integrate the
high modulus and high strength fibers with the low strength and far less stiff resin
system in order to finally stabilize the shape of the parts and keep the fibers in
contour. Further materials can incorporate additional functions into the composite
structure at different scales. On the smallest scale nano particles for example can
improve the FST-properties (fire, smoke, toxicity) significantly as well as the
compressive strength or fracture toughness of composites. An example of nano-
technology research is given in Fig. 1.3 taken from Chap. 3 of this book. By
scanning the surface of a nano particle reinforced specimen with an electron
microscope the picture visualises the contrast of the complex storage modulus of
integrated and functionalized nano particles made of Böhmite material. The stiffer
areas are the brighter ones whereas in the surrounding area the grayer regions of
the matrix material show a less stiff behaviour.

On the next scale level energy transforming functional materials like for
example piezoelectric ceramics can bring sensory and actuator capabilities into the
composite structure. But in many cases such combinations of functions cause local

Fig. 1.3 Contrast of storage modulus of resin matrix reinforced by nanoparticles (left
topography, right real part amplitude)
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discontinuities in primary structural parameters as for example in density or in
stiffness and strength.

A certain challenge in the design of composites with integrated functions is to
ensure conformity between the material partners which are brought together in the
primary structure and to minimize any detrimental effect with respect to the load
carrying capability.

In the nineties of the last century the terms of active functional design, of
function integration and the science of adaptronics were established [12–16]. In
adaptronics the behaviour of load carrying structures is being influenced or
adapted by means of energy transforming materials, often also called smart
materials. Janocha [14] defines adaptronics as follows: Adaptronic structures are
based upon a technology paradigm: the integration of actuators, sensors, and
controls with a material or structural component.

Before the foundation of adaptronics many individual observations of special
materials took place, sometimes more than four decades ago, like for example the
piezoelectric behaviour of some ceramic materials [17] or the memory effect of
some metal alloys [18]. In the eighties this collection of individual phenomena was
more systematically analysed in the military laboratories of the US and the mate-
rials under consideration got the collective designation ‘‘smart materials’’ [19].

Piezoelectric ceramics for example can transform electric energy into
mechanical energy and vice versa at a very high frequency, i.e. very fast. The
effect is caused by the local polarization of the ceramic lattice structure, which is
linked with a geometric asymmetry. The rhombohedral or tetragonal lattice
structure can be oriented along an applied electric field with the effect of
mechanical lengthening. Vice versa a mechanical deformation causes an electric
voltage displacement that can be used to create a (small) flow of current.

Smart materials and the functions that can be realized with them are preferably
integrated in composite structures which do not only possess superior mechanical
properties in lightweight design but are manufactured in a specific production
process. The combination of fibers and resin with the following curing process in a
mould offers the advantage to integrate smart materials in the same shot. This has a
great advantage over using metal lightweight structures, where the integration of
either active or passive additional functions often requires an additional assembly
step and extra mechanical fastening or bonding.

If piezoelectric ceramics can be brought into suitable conditions for integration,
for example as piezoelectric patches, they can be perfectly integrated into a
composite structure. These piezoelectric patches allow the integration of an active
function into the composite primary structure. Figure 1.4 shows several possibil-
ities how to integrate such patches and the effect of the various solutions to the
mechanical parameters of strength, stiffness and yield strain.

The mechanical properties of the integration of the patch with the partial
interruption of fibers (2nd to the left in the diagrams) but with a minimum of
additional eccentricity are close to the properties of a later bonding of the patches
to the undisturbed structure.

1 Introduction 7



The potential of saving weight by the integration of additional functions into the
primary structure works out considerably better in composite materials than into
metal ones because of the integration process of the components fiber and resin.

As a consequence the disadvantage of the consumption of time and energy in
the production process of composites can be turned into an advantage when it is
used for the integration of a function at the same time. Functions or their carriers
can now be integrated directly into the composite structure whereas they had to be
applied to metal structures up to now within extra assembly steps and with
brackets and fasteners which again add extra weight to the product.

The avoidance of extra production steps and assembly effort, the minimization
of single parts and of the required time for assembly furthermore saves costs. In
the ideal case this compensates for the extra costs caused by the pre-fabrics fiber
and resin and the production of the composite structure.

The integration of functions into primary structures is often already realized, if
passive functions are considered. Beside its mechanical properties each material
owns further ones that are used implicitly or explicitly to ensure additional
functions. Metals serve as a conductor for electrical grounding or for electro-
magnetic shielding whereas composites with a relatively low thermal conductivity
of the resin part can serve for thermal isolation and the high chemical resistivity
helps to deal with liquid media. A well-known additional function of primary
structures is the capability to absorb crash energy, which can be designed in both
metal and composite parts.

Often passive functions can be integrated into the composite structures much
better than in metal ones. The integration of media routes is possible as well as the
integration of lighting or thermal functions, for example for local heating. Infor-
mation routes can be incorporated to replace extra wiring and the possibilities of

Fig. 1.4 Different types of the integration of piezoelectric foil into composite laminates and
related mechanical properties
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improvement which can be achieved by nano particles dispersed in the resin
component have already been mentioned.

Protective layers can be incorporated and material properties varying in
thickness direction can be realized in composites. A proper tolerance management
can be used to ensure a required surface quality which is better than the one of
metal structures due to the high ability to integrate parts and due to the higher
stiffness leading to less deformation when being loaded. These features help to
ensure a natural laminar flow which is much easier to realize and lighter than the
alternative active flow control.

Further possibilities are offered by the integration of active functions into the
composite primary structure as it can be done with smart materials. Active
functions usually are those that help the structure to adapt itself to changing
environmental conditions. Examples of such structures which are designed to
adapt to changing operational conditions are the high lift devices on the wings of
an airplane. These devices are used to adapt the lift and drag coefficients of the
wing to the changing air speed and angle of attack during start, cruise and landing
phases of the aircraft. Today the high lift devices are a combination of more or less
rigid structural parts that are actuated by discrete mechanisms, e.g. links, drive
shafts and hydraulic or electric motors. If the high lift devices can change their
shape with the help of a structure integrated actuation—this capability is often
called morphing—the discrete mechanism can at least partially be saved and thus
some of the weight associated with them [20–22]. Wear and tear of the mechanical
actuation systems might be reduced and—what is much more important—gapless
surfaces can be realized that minimize the effect of stall and therefore minimize the
acoustic emission and the loss of aerodynamic performance.

The contradiction between the need to create a strong and stiff structure with
respect to the external load to be carried and the required flexibility for actuation
can be overcome. An example of such a gapless, strong but also flexible structure
that can be actuated actively, e.g. a morphing structure, will be given in Chap. 31
in this book.

To reduce the vibration of rotating structures or those excited by their sur-
roundings in a large frequency range and to decouple them from the rest of the
primary structure passive damper-spring combinations or active hydraulic dampers
are used today. Also their additional masses and weight can be reduced partially if
it can be achieved to integrate active vibration control and means for the reduction
of vibrations directly into the primary structure as it has been shown for example
by Schütze et al. [23]. Another example of the capabilities of structure integrated
active vibration control is given in Chap. 33 within this book.

Structure vibrations in the higher frequency range cause sound emissions,
which depending on their intensity lead to comfort, safety or even health problems
for passengers in an aircraft or another vehicle. The protection against sound
emission today is in almost all cases done by passive means with a remarkable
additional weight, e.g. by damping materials.

If the structure can be built in such a way, that incorporated active functions
suppress the sound emissions effectively, a lot of additional weight can be saved,
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as for example Weyer et al. [24] have demonstrated with a vehicle structure. Some
more examples can be found in Chaps. 34 and 35.

In all of these examples the integration of functions aims to adapt the primary
structure actively to the operational conditions the product is working in, i.e. to
create adaptive composite structures.

An efficient integration of functions must deal with special challenges. The
advantages of today’s separation of functions and the combination of individual
single components in one common product are the exchangeability and the pos-
sibility to replace single parts in case of malfunction. Individual components and
functions have their individual failure probability and their individual reliability
and operational lifetime. An efficient integration of functions is possible, if all the
integrated functions possess the same reliability including the load carrying one to
which they are exposed. To ensure a proper prediction of reliability and to develop
the design of the primary structure with integrated functions a detailed knowledge
of all the properties of the contributing constituents and their interactions is
mandatory.

For the development of adaptive, efficient and tolerant composite structures a
series of competencies have to be considered as being linked closely together,
forming a multidisciplinary process chain. This process chain is elaborated on in
detail within this book.

Figure 1.5 shows the competencies that are required to realize adaptive, efficient
and tolerant composite structures and gives an example of the application of the
smart materials mentioned above. A down scaled helicopter rotor blade is shown,

Manufacturing
technologies

Adaptronics Composite 
process 

technologies

Composite
design

The aim: 
adaptable, tolerant, 
efficiently manufactured, 

lightweight structures

Structural
mechanics

Multifunctional
materials

Fig. 1.5 Competencies required to realize adaptive, efficient and tolerant composite structures.
Example adaptive composite rotor blade
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which is actively twisted by applied piezoelectric patches in the upper and lower
blade surface. More details about the active twist rotor are given in Chap. 32.

In the research field of multifunctional materials the basic properties of the
composite constituents, e.g. fibers, resin systems and additives are investigated and
their interactions are characterized in detail. In addition smart materials are
explored and their potential is being analyzed with regard to the maximum effi-
cient deployment in composite structures. The question raised repeatedly is how
material properties found in the nano scale can be brought into a technically
relevant macro scale and with what kind of treatment or technical process their
capabilities can be used for the integration of functions. Nano-Micro–Macro is
therefore the title of the initial chapter of the first part of this book which com-
prises chapters with exemplary results from research in the field of composite
semi-finished components and smart materials.

The structural mechanics is the field of research that provides sizing methods
for new composite structure design concepts and production technologies. In this
domain also all simulation methods for the production processes are developed and
the impact of manufacturing conditions on the final structure is evaluated, for
example the so called spring-in effect, which is caused by the shrinkage of the
resin during the curing process and the resulting induced stresses. The load car-
rying capability of the structure is assessed in structural mechanics. With the help
of a detailed test pyramid and the associated validation-verification strategy the
agreement of analytical and numerical prediction methods with the true structure
behaviour is secured. Reliable design methods are mandatory, but the challenge is
to ensure reliability—or robustness—when adding additional functions into the
structure. There is the need to bring all of the elements of such a structure onto the
same level of reliability. Validation Approach for Robust Primary Structures
is therefore the title of the first chapter of the second part in which the following
chapters will give a survey about sizing methods for composites as well as further
examples for new methods developed for better simulation and testing. This part
will also give some consideration to a closed process chain for simulation in the
field of composite structures.

A central role within the whole development process of adaptive, efficient and
tolerant composite structures is given to the research field of composite design.
Here design solutions have to be developed that on the one hand satisfy the
requirements of the load carrying primary structure but that on the other hand
allow the aimed integration of functions. The answers must comply with the
specific composite production constraints and ensure the required quality of the
parts. The opportunities of composite structures in design and the boundary con-
ditions to be observed for the successful integration of functions are described in
the third part entitled Compliant aggregation of functionalities. The first chapter
gives an overview of the questions to be answered and the challenges which the
design is exposed when realizing adaptive and efficient composite structures.

Without a complete knowledge of the production technologies and the capa-
bility to control and steer the related processes, the efficient integration of func-
tions into composite structures will not be successful. The domain of composite
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technologies therefore is the one that deals with the comprehensive research in all
aspects of the interaction of production process parameters with the quality of
parts. At the same time a minimum of energy and time consumption in production
is a must to ensure the competitiveness with metal structures. A maximum of
process automation is aimed at in order to minimize the drawback of the high
amount of manual work that is still common in the production of composite
structures. A large variety of technologies exists and their specific process
parameters are being explored with respect to their impact on the composite parts.
Sensing measures are under development to monitor the processes on line. The
concept behind is the development of self-controlled and furthermore self-cor-
recting processes. This is why the first chapter of the fourth part is entitled Self
Controlled Composite Processing. The chapters published in this part give
examples of research results derived in the field of composite technologies in order
to improve the control and the steering of the production process of efficient and
tolerant composite structures.

Especially the integration of active functions into the composite structures is the
research field of adaptronics. Here the concepts and the technologies are devel-
oped for the integration of active functions such as morphing, active vibration
control (AVC), active acoustic structural control (ASAC) and structural health
monitoring (SHM). The basics are investigated for the efficient realization of such
functions with the help of smart materials. Steering means and control algorithms
are being developed here as well as the adaptability to different operational con-
ditions of the final product. The integration of active functions still requires an
external power supply that makes the adaptive composite structures difficult to
handle and requires a certain effort in joining the parts and the assembly of the
primary structure. Some smart material cannot only transform electric into
mechanical energy, but also harvest electric energy from mechanical deflections.
With this capability structures can be built collecting the energy for their active
functions directly from their mechanical loading. This is the idea behind the
development of a new type of smart composite structures and therefore the title
Autonomous CFRP Structures has been chosen for the first chapter of the fifth
part. In the chapters collected in this part research results are being presented that
give an inside view to various aspects of the integration of active functions into the
composite structures.

This book is supposed to elucidate and to illustrate some results of research that
demonstrate the conditions and the potentials of adaptive, efficient and tolerant
composite structures. The large variety of possible applications and the numerous
questions that need to be answered to their realization only allow a selection of
research data, methods and results. This collection of chapters is meant to
underline how the close cooperation and interaction between the technical disci-
plines of material development, structure mechanics, composite design, composite
technologies and adaptronics can generate a new class of lighter primary structures
which can be characterized as being adaptive and efficient by the maximum
integration of active and passive functions.
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These new composite structures with integrated additional functions are lighter
than traditional primary structures with a comparable scope of functions. The
relatively high costs of their semi-finished materials can be compensated by the
high degree of integration of single parts and the reduced effort in assembly.

It is our conviction that the interdisciplinary research as outlined in this book is
the chance to move on towards a resource efficient mobility using adaptive, effi-
cient and tolerant composite structures.
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Multifunctional Materials



Chapter 2
Nano-Micro-Macro

Peter Wierach

Abstract New materials with superior properties are the basis to exceed existing
technological barriers and to explore new fields of application. Especially com-
posites as multiphase materials offer the possibility to influence their properties or
to add even new functionalities by a proper choice and combination of the different
phases. In this context it is of particular importance to understand the interactions
between the different material phases. This includes for example the effect of
nanoscale additives in resins as well as the effect of microscopic manufacturing
defects, like pores, on the macroscopic material properties. A systematic material
design is only possible if cause and effect on the different material scales is well
understood. Nanotechnology gives the opportunity to manipulate the structure of
materials on a level, allowing to realize properties and functionalities that can’t be
achieved with conventional methods. Beside the improvement of mechanical,
thermal, optical and electrical properties, the incorporation of new ‘‘smart mate-
rials’’ on a technical relevant scale is in the focus of our research.

2.1 Looking at Composite Materials at Different Scales

In literature it is common to distinguish four characteristics scales to describe the
hierarchical constitution of materials [1]:

• The nanoscopic scale with a characteristic length of 10-9 m or a few nanometers,
• the microscopic scale with a characteristic length of 10-6 m or a few micrometers,

P. Wierach (&)
DLR, Institute of Composite Structures and Adaptive Systems,
Lilienthalplatz 7, 38108, Braunschweig, Germany
e-mail: peter.wierach@dlr.de

M. Wiedemann and M. Sinapius (eds.), Adaptive, Tolerant and Efficient Composite
Structures, Research Topics in Aerospace, DOI: 10.1007/978-3-642-29190-6_2,
� Springer-Verlag Berlin Heidelberg 2013

17



• the mesoscopic scale with a characteristic length of 10-4 m or hundreds of
micrometers,

• the macroscopic scale with a characteristic length of 10-2 m or centimetres and
more.

An engineer, designing a fiber composite structure, is interested in properties
describing the macroscopic behaviour of a certain material. Especially mechanical
properties like stiffness and strength are required for the sizing of structures.
Typically these properties are experimentally determined on a coupon level.
A fiber composite material is build up by several layers of fiber materials oriented
in different directions to carry the occurring loads. This mesoscopic scale describes
the fiber architecture of the composite material. Also larger defects, like fiber
undulations and pores, are in this order of magnitude. On a microscopic scale we
look at a single fiber and the surrounding resin. A carbon fiber for example has a
typical diameter of 7 lm. The behaviour of materials is finally determined by their
smallest constituents, the atoms and molecules, and the way they interact among
each other. On this scale also nano-sized particles and their interactions with the
polymer are addressed.

2.2 Improving Fiber Composite Materials with
Nanoscaled Particles

The modification of polymers with particles is a well known technology to adjust
their properties. Depending on the particle size, shape, mechanical properties etc.
attributes like viscosity, toughness, hardness, flammability can be affected to name
a few. In the last decade the use of nano scaled particles came more and more into
focus. At least one spatial direction of the filler material has to be in the order of
nanometers to be designated as nano filler material. Although nano fillers have
been used before, the current research aims to understand the effects that are
related by adding particles of this scale to allow a systematic material develop-
ment. There are several reasons why it is interesting to look at nanoscaled
particles.

Due to the very small size of the individual particles the interphases between
the particles and the surrounding polymer are extreme high. As an example the
interphase area in a cubical volume of 1 mm3 that is filled with 10% spherical
particles, having a diameter of 1 lm, is 600 mm2. In comparison to that the
interphase area of particles with a diameter of 1 nm in the same volume with
the same particle volume content is 600.000 mm2. As a result a large portion of the
polymer accumulates in the polymer/particle interphase. Assuming a good bonding
between the particles and the polymer a relatively small fraction of particles can
have a great effect on the properties of the polymer.

For fiber composite materials, where not only the neat resin is considered,
nanoscaled particles have another important advantage, which is related to the
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manufacturing process of fiber composites. Currently most high quality continuous
fiber reinforced composites (fiber volume content around 60%) are manufactured
with the prepreg method. Due to rising production costs, liquid resin infusion
(LRI) methods are a promising cost effective alternative [2]. Quite a few different
LRI processes have been developed so far. In all processes the liquid resin is
infiltrated into the dry fiber material at process specific temperature- and pressure
profiles. If a particle modified resin is used, filter effects can occur during the
infiltration process, leading to particle density gradients in the composite material.
With nanoscaled particles these effects can be minimized enabling a homogeneous
particle distribution even in the consolidated fiber composite material.

Another issue in this context is the viscosity of the modified resin. LRI
processes require a low viscosity of the resin. Otherwise the flow resistance during
the infiltration process is to high leading to not infiltrated areas. Also in this case
nanoscaled particles offer the chance to avoid this problem since only small
particle volume contents are needed to get an effect.

Figure 2.1 illustrates the principle way from the nano particle to the reinforced
fiber composite material and lists the most important parameters [3]. It is obvious
that a great number of variables influence the fabrication process of the nano
particle reinforced fiber composite material.

Nano particle
-shape, size
-physical, chemical

properties
Epoxy resin
-chemical basis

Hardener
-chemical basis of   

the components

Dispersion
-particle distribution
-interaction with resin

Nano particle reinforced 
resin
-particle content, density
-interaction with resin
-local properties (particle

distribution, interphases,
TG, shrinkage, hardening)

-global thermal, mechanical
properties Fiber reinforcement

-surface morphology
-facing
-thermal, mechanical

propertiesNano particle reinforced 
fiber composite
-inner morphology (fiber
volume content, particle
distribution, undulations)

-thermal , mechanical
properties of the laminate 

Fig. 2.1 Schematic drawing
of parameters and influencing
variables for nano particle
modified fiber composites [3]
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2.3 Smart Material Systems

The ideal basic material for ‘‘smart structures’’ possesses both actuator and sensor
characteristics as well as load-bearing capabilities. Unfortunately, there is yet no
existing material known that unites all of these characteristics in a sufficient
manner. The assembly of a multifunctional material system is therefore realized by
combining actuator and sensor materials with a primarily load-bearing component.
Fiber composites are well-suited for the purpose of assembling a smart structure,
since the active components can be inserted during the production process and,
thus, become an inherent part of the structure. Additionally, the specific require-
ments and characteristics of active materials can be accounted for by the several
production options for composites such as selection of the fiber/matrix material
and the layup of the structure. Hence, the smart structure is designed and manu-
factured as a whole with embedded smart components including its supporting
infrastructure of, e.g., lead wires, electrodes and terminals for power supply.

Sensors and actuators based on multifunctional materials are a substantial
component of smart composite structures. Such multifunctional materials also
called ‘‘smart’’ or ‘‘intelligent’’, are energy converters or transducers that respond
in a technically usable manner to an external stimulus. The most widely employed
types respond to an electric, thermal or magnetic field with a change in their
mechanical properties. Well-known representatives are piezoelectric materials
(load/deformation response to an electric field), shape memory alloys (temperature
dependent load/deformation) as well as electro- and magnetorheological fluids
(influence of shear transmission in an electrical or magnetic field respectively).
Typically, the underlying actuation mechanism is caused by a microscopic
reconfiguration in the material and operates in both directions. A change in the
mechanical characteristics due to external loads can be detected and, thus, allows
for sensor use also.

The reliable subsequent treatment and structural integration of the usually very
sensitive materials is however, connected with some complexity and risk. The goal
of our research activities is therefore to develop multifunctional material systems
to enable the setup of reliable and reproducible smart structures that can be
successfully applied in industrial production.

2.4 Integration of Smart Materials on a Macroscopic Level

Piezoceramic materials are very often used to fabricate smart composite structures.
Figure 2.2 shows typical piezoceramic materials used for this purpose. The main
reasons for the popularity of piezoceramics are their ability to operate at high
frequencies and their stiffness, typically 60 GPa, matching the stiffness of many
composite materials. The latter is of special importance for the usage as actuator.
In the past quite a few investigations have been made to study the integration of

20 P. Wierach



piezoceramic components into composite materials [4, 5]. In the following an
exemplary case will be presented to discuss some issues related to the integration
of components of this size into composite materials [6].

Here a piezocomposite with a monolithic piezoceramic plate with dimensions
of 50 9 25 9 0.2 mm is considered (also referred to as transducer). The external
dimensions of the piezocomposite transducer, including insulation and electrical
contacts, were 58 9 29 9 0.47 mm3. At this point the detailed transducer design
is not of special interest. The transducers were integrated into a 16 layer laminate
with quasi isotropic ply lay up [(0/+45/90/-45)2]S. The specimens were manu-
factured using the Differential Pressure Resin Transfer Moulding Process
(DP-RTM) with unidirectional fiber material having an area weight of 125 g/m2

(type UD-CST 125/300 from SGL). With a fiber volume content of 60% this result
in a theoretical thickness of 0.12 mm for each ply. The fiber material was infil-
trated with the three component resin system LY556/HY917/DY070 at 6 bar and
120�C. To enable a symmetrical specimen design two transducers were embedded
in opposite positions.

Three different integration configurations were investigated as depicted in
Fig. 2.3 According to the thickness of the transducers, in configuration (a) four
layers of the prepreg material were cut out to accommodate the transducer.
In configuration (b) no plies were cut out resulting in a thickened specimen and
resin rich pockets at the edges of the transducer. A partial cut out leaving the plies
in 0� direction intact was realized in configuration (c). As a reference additional
specimen with bonded transducers were manufactured.

Figure 2.4 shows the final specimen design. The specimens were loaded in a
tensile testing machine until failure. To measure the specimen deformation, strain
gauges were attached inside (section 1) and outside (section 2) the integration
area. An exemplary test result with a specimen configuration with no cut out
(configuration b) is shown in Fig. 2.5. The stress was calculated with respect to the
cross section area in each section and the test load. The gradient of the stress/strain
curve describes the Young’s modulus in the considered cross section. In addition
to that the sensor signal of the piezoelectric transducer was measured during the
test (red curve). Discontinuities in the sensor signal would indicate a crack in the

Fig. 2.2 Macroscopic
piezoceramic fibers
([200 lm) and plates
(50 9 30 9 0.2 mm3) that
are typically used for the
fabrication of smart
composite structures
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ceramic. Looking at the sensor signal in Fig. 2.5, first cracks are initiated at a
strain of approximately 0.3% whereas the failure of the complete structure occurs
at much higher strain levels. The piezoceramic fragments still generate signals but
the performance is decreased. Nevertheless in comparison to very brittle plain
ceramics, the strength of the embedded ceramic material is improved. Reasons for
the higher strength are a mechanical pre compression in the ceramic due to higher
thermal shrinkage of the composite material when cooled down from the curing
temperature and the stoppage of crack propagation due to the embedding in a more
ductile material.

Fig. 2.3 Different integration configurations for macroscopic piezoelectric transducers.
a Complete cut out. b No cut out. c Partial cut out

Fig. 2.4 Specimen design with embedded piezoelectric transducers
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Fig. 2.5 Exemplary result of a tensile test with a specimen of configuration (b) no cut out
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A summary of all test results is given in Fig. 2.6. At least 6 specimens were
investigated for each configuration. The diagram depicts the breaking force and the
Young’s Modulus for each cross section. With respect to the reference specimen,
for all configurations a clear reduction of the breaking force and Young’s Modulus
is observed for the cross section with the integrated transducer. As expected
configuration (a) with a complete cut out shows the worst results. Best results are
achieved with configuration (c) with a partial cut out. Even the configuration with
no cut out is worse. Due to the large increase in thickness of the laminate in the
integration area, large resin rich pockets are formed, resulting in high stress peaks
in this area (Fig. 2.7). During loading the initiation of cracks was observed in the
resin pockets actually.

The results show that an integration of smart materials of this macroscopic size
in a monolithic composite material is most likely to have a negative effect on the
strength of the material. In this example only the tension properties have been
considered. It can be expected, that the impact on compression and fatigue
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Fig. 2.6 Results of the tensile test with integrated piezoceramic transducer

Fig. 2.7 Micrograph of a specimen cross section an embedded piezoelectric transducers
(configuration with no cut out)

2 Nano-Micro-Macro 23



properties is even worse. A structural conformable, and in most cases applied
configuration, is to bond transducers of this size onto the surface of the material to
form the actual multifunctional material system. A good example for a structural
conformable integration in this context is to bond the active components on the
inside of the face sheets of a sandwich material.

2.5 Integration of Smart Materials
on a Micro- and Nanoscopic Level

In the example described before the integration of smart materials into fiber com-
posites was done by relatively large devices on a macroscopic level. A much tighter
and more structural conformable way to integrate new functionalities into fiber
composite materials can be expected, if the functional components have a similar or
even smaller size than the constituent parts of the composite. One possible solution
is the use of micro- or even nanoscopic particles. First steps in this direction have
been made by using magnetostrictive materials. Some preliminary results of this
research will be used to highlight the potential of this approach [7, 8].

Its outstanding magnetostrictive properties make Terfenol-D particles suitable
for the use as sensor particles in smart composite materials. In this study the
Terfenol particles were purchased from ETREMA (USA) and were received in
batches with very different particle sizes ranging from a few micrometers up to
300 lm. To investigate the effect of particle size it is necessary to fractionate
Terfenol-D particles. Figure 2.8 shows the particle composition of the original
batch and after a sieving process to select particles with a size below 20 lm.

A homogeneous dispersion of the particles in the epoxy resin is fundamental to
fabricate specimen with a reproducible quality. Master batches of epoxy resin with
Terfenol-D particles were produced with a triple roll mill and with a basket mill.
The resin used was the three component system LY556, HY917, HY070. To
investigate the influence of particle size and particle content several master batches
with different compositions were produced.

Since Terfenol-D has a very high density of 9.25 g/cm3, especially in
comparison to epoxy resins (1.2 g/cm3), the manufacturing of specimen with a
uniform particle distribution is a very challenging task. To avoid sedimentation a
suitable solution is to use a magnetic field during the curing procedure. By this
measure the Terfenol-D particle form chain structures oriented along the magnetic
flux lines (Fig. 2.9).

The epoxy-Terfenol-D composite coupons were produced using a small casting
mould. During casting two hard ferrite magnets were placed at the outer surfaces
of the mould to generate a magnetic field (Fig. 2.10). To get the magnetic field as
homogeneous as possible, all parts of the casting mould, including assembly
screws, were made of aluminium. During casting the mould was heated to 80�C.
The resin plate was pre-cured for 4 h at 80�C and post-cured for 4 h at 120�C.
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After curing coupons with dimensions of 90 9 10 9 2 mm3 were cut to size from
the plate.

To verify the sensory effect of the Terfenol-D/epoxy composite the coupons
were loaded in a universal testing machine. The change of the magnetic flux
density against the mechanical stress was measured using a hall-effect sensor,
which was applied above the center of the coupon. First measurements showed
only little changes in the magnetic flux density. This was significantly improved
after performing a post magnetization process with 1.5 T for 30 s using a
customized electromagnet. A summary of the test results is shown in Fig. 2.11.

All specimens showed reproducible changes of the magnetic flux density
depending on the applied mechanical stress. Besides the particle distribution the
particle size as well as the particle concentration had an influence on the magnetic
flux density change. Maximum changes were measured with higher particle con-
centration and lower particle size.

Tough a lot of open question remain the first results are very promising, offering
numerous possibilities for future research activities. Up to now only modified neat
resins have been investigated. The challenges to integrate them into fiber com-
posites still have to be explored. It is also very interesting to look at alternative
smart materials exploiting other physical effects.

Fig. 2.9 Micrographs of specimen cross sections with Terfenol-D particles of different size and
particle content aligned along magnetic flux lines (left particle size 15 lm and 20 wt%; right
particle size \20)

Fig. 2.8 SEM images of Terfonal particles (left original batch; right particles after sieving with a
size \20 lm)
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2.6 Summary and Conclusion

The following articles reflect a part of the research work that is dealing with the
behavior of composite materials in combination with smart materials on different
scales and how this knowledge can be used to enhance the performance by
improving mechanical properties, by facilitating the production process of parts
and by adding new functionalities.

The improvement of mechanical properties of fiber composites by adding
nanoscaled particles materials will be addressed in two articles. Different particle
types (epoxy-silica and boehmites) are investigated. Especially matrix dominated
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Fig. 2.11 Plots of the measured magnetic flux density change under tensile load

Fig. 2.10 Schematic illustration of the plate tool with magnets and enlarged view of particle
alignment
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properties of fiber composite laminates like shear strength, compression strength
and damage tolerance are considered.

Another article discusses the use of carbon nanotubes (CNT’s) as a new
superior actuator material for smart composite structures. The goal is to transfer
both the extraordinary mechanical properties of CNT’s and the possibility to
actuate them with very low voltages on a macroscopic composite material.

Piezocomposites and biological inspired piezoceramic honeycomb actuators, as
reliable, robust and advanced possibilities to form smart material systems with
macroscopic components are presented in two further articles.
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Chapter 3
Piezocomposite Transducers for Adaptive
Structures

Peter Wierach

Abstract Low profile actuators are a basic technology for smart structures.
Bonded on surfaces or embedded in composite structures they work as actuators
and sensors to control the structural behaviour. The simplest types are based on
thin piezoceramic plates (typical thickness 200 lm) provided with surface elec-
trodes to operate in the lateral d31-mode. This type of actuator is able to generate
strains of 500 lm/m. To achieve higher deformations it is necessary to use the
d33-effect. The difficulty is to generate the necessary in-plane electrical field.
A common solution is the use of interdigitated electrodes consisting of two comb
like electrodes with opposite polarity that are placed on the surface of the piez-
oceramic material. Known as Active Fiber Composites (AFC’s) or Macro Fiber
Composites (MFC’s) these kinds of actuators can produce strains of 1,600 lm/m.
The drawback of interdigitated surface electrodes is a very high driving voltage of
up to 1,500 V. A promising concept to overcome this drawback is presented. It is
based on the use of multilayer technology for low profile actuators. Within these
actuators the electrodes are incorporated in the piezoelectric material during the
sintering process as very thin layers with little impact on the actuator stiffness.
This allows a significant reduction of the electrode distance and therefore also a
reduction of the driving voltage. To utilize the multilayer technology for low
profile actuators, standard multilayer stacks are diced into thin plates. In this
configuration the electrodes are not only on the surface of the piezoelectric
material but cover the whole cross section. In a second step these plates are
embedded into a polymer to build a piezo-composite. Without the mechanical
stabilization of the surrounding polymer the handling of the fragile multilayer
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plate would be extremely difficult or nearly impossible. Several prototypes have
been build and achieved an active strain of 1,200 lm/m at a voltage of 200 V.
Using other materials an active strain of 1,600 lm/m is possible.

3.1 Piezocomposite Technology

Actuators and sensors on the basis of smart materials are essential parts of adaptive
systems. As integral structural components these materials can also provide load
bearing capabilities at the best. Due to several advantages, piezoceramic materials
are most commonly used as smart materials for adaptive systems. The reasons for the
popularity of piezoceramic materials are on the one side of technical nature but there
are also some ‘‘practical’’ reasons. On the technical side it’s especially their ability to
operate at high frequencies and the high stiffness of the material (typical 60 GPa),
what is of special importance when used as actuators. In addition to that it is relatively
easy to activate the material by a simple electrical field. The ‘‘practical’’ reasons are
primarily the good availability and the reliable quality of the material. Piezoceramic
materials are produced on an industrial level and a growing number of manufactures
offer different types and shapes. Also the price is quite moderate in comparison to
more exotic materials. The main disadvantage of piezoceramic materials is their
inherent brittleness. Whereas it is no problem to apply high compression loads,
tensile loads must be avoided at any time. Therefore the processing and structural
integration of this sensitive material has to be done very carefully to avoid damages.

In adaptive systems, piezoceramic actuators are used to reduce, to generate or to
detect deformations or vibrations with a special focus on distributed actuation and
sensing systems. This means that the actuator forces are not transmitted at two
discrete points but in-plane, usually by a laminar actuator, which is connected to
the structure by a bonding layer. Especially for light weight and thin walled
constructions this concept offers some advantages since no massive bearings are
necessary. Because very thin laminar actuators are needed for this purpose, the
brittleness of the piezoceramic material becomes even more serious. An appro-
priate solution for this problem is the use of so called ‘‘piezocomposites’’.
Piezocomposites are a combination of piezoceramic materials with ductile
polymers to form a robust and easy to use actuator and/or sensor. Especially their
susceptibility to damage is significantly reduced by this measure. By the
arrangement of the piezoceramic material the properties of the composite (e.g.
stiffness or damping) can be specifically adjusted. Components like electrodes,
electrical contacts or insulators can also be embedded into the composite.
Generally the embedding is done at the curing temperature of the polymer (typical
120–180�C). Because of the different coefficients of thermal expansion (CTE) of
the polymer in comparison to the piezoceramic material and due to the shrinking
of the polymer during curing, the piezo material is provided with a beneficial
mechanical pre-compression. This pre-compression allows applying (limited)
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tensile loads to the actuator during operation. The following list summarizes the
most important advantages of piezocomposites:

• Protection of the brittle piezoceramic material
• improved handling
• defined and easy to use electrical connectors
• electrical insulation
• pre-compression of the piezoceramic allowing to apply tensile loads
• reduction of stress peaks due to the soft surrounding material hence reduced

crack propagation, larger passive deformations and improved lifetime
• possibility to realize complex architectures.

It should be mentioned, that the idea of piezo-composites is not totally new.
Traditional applications for piezo-composites are ultrasonic transducers for med-
ical diagnostic, health monitoring or sonar applications (Fig. 3.1). In comparison
to monolithic devices piezo-composite transducers can be designed to have opti-
mized acoustic impedance or to decouple radial oscillations.

3.2 State of the Art for Piezocomposite Transducers
for Adaptive Structures

Considering the three piezoelectric effects

• longitudinal effect or d33-effect,
• transversal or d31-effect, and
• shear or d15-effect,

in adaptive structures only the longitudinal and the transversal effect are used for
technical relevant piezocomposites. More recently some research was published on
actuators based on the shear-effect, but it seems that they only show limited
advantages in comparison to extension mode actuators [1, 2].

The arrangement of the electrodes determines which effect will be used. The
simplest configuration can be realized by using the d31-effect. In this case the

Fig. 3.1 Schematic drawings
of a 1–3 piezocomposite for
ultrasonic applications
manufactured with the dice
and fill process; (a) ceramic
block after dicing;
(b) piezocomposite with
electrodes and filled with
polymer
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in-plane contraction of the piezoceramic material is used when a positive electrical
field is applied in perpendicular direction through the thickness of the piezoce-
ramic plate. Thus the piezoceramic plate is provided with very thin layers of
conductive material (a few lm) to build uniform surface electrodes. The electrical
field is generated homogenously between these electrodes (Fig. 3.2a). The thick-
ness of the piezoceramic plate defines the distance between the upper and lower
electrode and therefore the voltage that is needed to generate a certain electrical
field. With a usual plate thickness of 0.2 mm a voltage of 200 V is necessary to
generate an electrical field of 1 kV/mm.

Up to three times higher deformations can be achieved with the d33-effect. In
this case the electrical field and the effective deformation have the same direction.
Applying a positive field will result in an expansion of the piezoceramic device in
the direction of the field and in a contraction perpendicular to this direction. The
challenge is the generation of an in-plane electrical field. A feasible technical
solution is the use of interdigitated electrodes. In this configuration the electrodes
are made of two comb-like electrodes with opposite polarity, which are applied on
the surface of the piezoceramic material. The electrical field is generated between
the fingers of the electrode and penetrates the piezoceramic material as well. Due
to this special design the electrical field is not very homogenous (Fig. 3.2b). This
has a direct impact on the minimal electrode distance and hence on the operation
voltage. If the distance between the electrode fingers is too small in comparison to
the thickness of the piezoceramic material, the electrical field can not sufficiently
penetrate the piezoceramic material and the efficiency of the actuator is reduced. In
addition to that, the areas below the electrode fingers do not contribute to the
actuation strain. If the electrode distance is reduced, the number of electrode
fingers increases and also the ‘‘dead’’ areas below the electrodes. This can only
partly be compensated by very thin electrode fingers. Besides technical limitations
in producing very thin electrode fingers, such a configuration will also cause very
high electrical field gradients in the vicinity of the electrodes. These high gradients

Fig. 3.2 Field distribution in different electrode configurations; (a) d31-actuator; (b) d33-actuator
with interdigitated surface electrodes
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are leading to high mechanical loads in the piezoceramic material, having an
impact on lifetime and durability. A suitable electrode distance for a piezoceramic
device with a thickness of 0.2 mm is between 0.5 and 1 mm. In this case, without
considering the field inhomogeneity, a voltage of 500–1,000 V is necessary to
generate an electrical field of 1 kV/mm.

Meanwhile several types of low profile piezocomposites for adaptive structures
have been developed (and partly commercialized) and are shortly described in
Table 3.1. For piezo composites with interdigitated electrodes, fiber like
architectures that are referred to as Active Fiber Composites (AFC) turned out to
be advantageous in comparison to monolithic designs. Cracks caused by the
inhomogeneity of the electrical field will propagate through monolithic plates
whereas these cracks are stopped at each interface between the polymer and the
piezoceramic fiber. Besides this, fiber based actuators allow a directed actuation
what is of advantage for some applications. A negative aspect of fibers with a
circular cross section is that there is only a very small contact area between the
electrode fingers and the piezoceramic fiber. Thus the penetration of the electrical
field is aggravated resulting in even higher operation voltages or less performance.
An improvement is the usage of fibers with rectangular cross sections to reduce the
dielectric loss.

An essential drawback of fiber based composites is the very labour intensive
manufacturing process. Up to know it is primarily handwork to place many single
fibers close to another. This causes quality problems resulting in deviations of the
actuator characteristics. Also the production and the following sintering process of
PZT fibers are very cost intensive. An alternative manufacturing process uses
commercially available PZT-wafers that are cut into ribbons. In this case the wafer
is placed on a tacky film and cut with a wafer saw that is common within the
production of silicon based integrated circuits. With this automated process the
rectangular fibers or ribbons are aligned exactly in parallel. This type of
piezocomposite is called Macro Fiber Composite (MFC). The last two examples in
Table 3.1 refer to more exotic configuration, which haven’t achieved a wider
acceptance yet. Piezoceramic tubes or hollow fibers, which are provided with
surface electrodes on the in- and outside allow a directed actuation in d31-mode
operation. They also offer the possibility to incorporate additional passive fiber
materials like glass- or carbon fibers to improve their mechanical strength. The
idea behind piezocomposites with very thin fibers is to improve the mechanical
stability by assuming that the propagation of cracks can be reduced more
efficiently. The problem is that due to the dielectric losses of the surrounding
polymer the actuator performance is very poor. Possible applications are thin
sensor sheets with minimal impact on the host structure.

The properties of the various designs differ with regard to voltage range, size,
exact maximum strain and force. But at least it is the piezoceramic material and
the operation mode that determines the performance. Therefore it is reasonable to
look at some exemplary properties of d31- and d33-piezo composites that were
derived using Macro Fiber Composite actuators from Smart Material GmbH. Some
important properties are summarized in Table 3.2.

3 Piezocomposite Transducers for Adaptive Structures 33



Table 3.1 Overview of state of the art low profile piezocomposites

Name Type Cross section Description

QuickPack d33

d31

A monolithic piezoceramic plate with uniform
surface electrodes bonded between
polyimide films with etched circuit paths
to contact the electrodes. To operate in the
d33-mode a bare plate is bonded between
polyimide films with etched Interdigitated
electrodes [3, 4]

FlexPatch d31 A monolithic plate with surface electrodes
glued between a polyimide films by
melting the film up to 325�C. Stripes of
nickel are applied on the surface to contact
the electrodes [5, 6]

DuraAct d31 A monolithic plate with surface electrodes
embedded by resin transfer moulding.
Flexible fabrics of conductive material
(e.g. copper) completely cover the
electrode to provide a reliable and damage
tolerant electrical contact [7–10]

PowerAct d33 A bare monolithic piezoceramic plate
provided with creases by laser cutting (not
intersected). Interdigitated electrodes are
applied by gluing the plates between
polyimide films with etched circuit paths
[11]

Active fiber
composite
(AFC)

d33 Piezoceramic fibers with circular cross section
embedded in a polymer with interdigitated
electrodes etched or screen printed on a
polyimide- or polyester-film. Designs by
means of fibers with rectangular cross-
section are used to improve the
performance [12–17]

Macro fiber
composite
(MFC)

d33

d31

A bare monolithic plate is diced to ribbons
and glued between polyimide films with
etched interdigitated electrodes.
Configurations using diced plates with
surface electrodes also allow operation in
d31-mode [18–21]

Piezoceramic
tubes

d31 Piezoelectric tubes (or hollow fibers) with
typical outer diameters of 800 lm and
inner diameters of 400 lm, provided with
inner and outer surface electrodes to
operate in the d31-mode are embedded in a
polymer to allow an anisotropic actuation
[22, 23]

Thin fibers d33 Very thin fibers ([ \ 50 lm) are embedded
in a polymer to form a sheet with an
arbitrary fiber distribution. Interdigitated
electrodes are directly applied to the
polymer with a special screen printing
technique [24]
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As mentioned before, for the price of very high voltages it is possible to
generate much higher strains with d33-actuators as with d31-actuators. Hence it
makes sense to look at the ratio of applied voltage and active strain. For state of the
art piezo-composite actuators this ratio is much better for d31-actuators. Figure 3.3
shows exemplary strain-voltage curves of a d31-MFC (type P1) and a d33-MFC
(type P2) over a voltage range of 0–400 V and -500–1,500 V respectively. Both
types of actuators had the same active area. For comparability reasons the absolute
strain values of the d31-actuator were plotted in the diagram. In this voltage range
the superiority of the d31-actuator is obvious. If the d33-actuator is driven over its
complete voltage range (-500–1,500 V) much higher strains can be achieved
(Fig. 3.4).

Expectedly the capacity of the d31-device is much higher, because the capacity
is among others a function of the electrode distance. That means that the power,
which is needed to drive a d33-piezo composite is not inevitable higher. On the
other side, if the device is used to generate energy (especially by means of energy

Table 3.2 Typical properties of state of the art low profile piezocomposites [25]

d33 d31

Operation voltage Umax [V] 1,500 360
Umin [V] -500 -60

Capacity [nF/cm2] 0.42 4.5
Charge constant [pm/V] 460 -370
Strain/volt [lm/m/V] 0.7–0.9 -2
Max. strain [lm/m] 1,600 500
Charge/strain [pC/ppm] 1,670 3,250
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harvesting) it is beneficial to have a high capacity because more charge is
generated when the transducer is deformed.

It becomes clear, that there is no perfect piezocomposite suitable for all
purposes. The choice must always be made based on the given requirements and
application scenarios.

3.3 A Modular Manufacturing Concept for Piezocomposites

Besides the operation voltage and the piezoceramic the complete material com-
position of a piezocomposite is of great importance. With respect to the variety of
possible applications for piezocomposites the use of standardized solutions is very
often not feasible. The goal was to develop new piezocomposites with improved
performance parameters that can easily be adapted to different requirements. This
requires the possibility to access every component of the piezocomposite to enable
a material specific selection of the components to get a compatible material
system:

• Piezoceramic material
• design and material of the electrodes
• shape of the piezoceramic
• insulation material
• surface quality
• design of electric contacts.

Figure 3.5 shows the principle design of the developed piezocomposite. For the
development of the manufacturing technology, standard piezoceramic wafers
provided with uniformly electroded surfaces to operate in the lateral d31-mode and
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a typical size of 50 9 30 9 2 mm3 were used. Good experiences have been made
with plates from PI-Ceramic (PIC 255) and CeramTec (SONOX P53), but it is also
possible to use any other piezoelectric material.

Figure 3.6 shows the manufacturing procedure for the new type of actuators.
Considering the productivity of the process a set of piezocomposites is manu-
factured in one step and cut to size afterwards (Fig 3.4). The piezoceramic is
embedded between thin layers of insulating fiber material (d \ 0.05 mm) and
layers with contacting structures. The contacting layer is made of a copper mesh
(wire diameter 0.03 mm) or a metalized polyester fleece having the shape of the
piezoceramic wafer. In case of a break the patch will still work because the
contacting covers the whole electrode of the piezoceramic so that the broken
pieces stay in the electrical field where they can be controlled.

Fig. 3.5 Design of the pre-
encapsulated patch

Fig. 3.6 Manufacturing of
the encapsulated PZT-patches
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The piezocomposites are produced with an improved RTM technology, the so-
called DP-RTM (Differential Pressure—Resin Transfer Moulding) [26]. This
guarantees an extreme high quality and reproducibility of the components. The
fiber material is laid out in dry state which facilitates the positioning of the contact
structures and ceramics. The DP-RTM procedure becomes especially interesting as
it is not necessary to provide massive moulds since the clamping forces in the
autoclave are created by the differential pressure. Thus, a simple sheet plate can
serve as sub mould while a vacuum foil is applied for the upper mould. Fiber
volume content and fluid rate can directly be controlled by adjusting differential
pressure during the stages of injection. In order to minimize the weight of the
active fiber composite a high fiber volume content is required. This can be
achieved by increasing the differential pressure. Simultaneously, the increasing
mechanical load on the ceramics has to be considered since it might result in
mechanical damage of the brittle actuators.

Piezocomposites are cured at elevated temperatures. This result in a very
beneficial pre-compression of the ceramic material since the coefficients of thermal
expansion (CTE) of the resin and the insulating materials are higher than the CTE
of the ceramic material. The pre-compression in the ceramic material can be
calculated with Eq. (3.1).

rth ¼ DT
2EPZTEISO tISOðaISO � aPZTÞ

2EISO tISO þ EPZT tPZT

� �
ð3:1Þ

Using the material parameters of Table 3.3 the resulting pre-compression rth is
26 MPa for an insulation layer thickness of 0.1 mm and 73 MPa for an insulation
layer thickness of 0.3 mm. In this case a resin (RTM6 from Hexcel Composites)
that cures at 180� in combination with a PIC 255 ceramic from PI-Ceramic was
chosen. It has to be noted that the young’s modulus and the CTE of a polarized
piezoceramic are depending on the polarization direction. Experimental
measurements [27] confirmed these calculated results.

The materials and components of the piezocomposites had been selected and
optimized with special regard to the integration into fiber composite structures but

Table 3.3 typical material parameters to calculate the pre-compression in a piezocomposite with
RTM 6 resin and PIC 255 ceramic

Curing temperature T 180 [�C]
Temperature difference to room temperature DT 160 [K]
CTE insulation aISO 64 [10-6/K]
Young’s modulus insulation EISO 3 [GPa]
Thickness insulation tISO 0.1–0.3 [mm]
CTE ceramic in 1-direction aPZT 5.8 [10-6/K]
Young’s modulus ceramic in 1-direction EPZT 62 [GPa]
Thickness ceramic tPZT 0.2 [mm]
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they can also be attached on any surface. By default the electric contacts are
realized as solder points (Fig. 3.7) but the use of insulated wires or any kind of
plugs is also possible. Figure 3.8 shows a piezocomposite with special bayonet nut
connectors (BNC) that were directly embedded into the composite. Due to the
adaptability of the manufacturing process it is possible to produce patches of
nearly any shape. This is very interesting for circular or curved structures where
hexagonal or curved patches are most suitable. Figure 3.9 demonstrates the
possibilities to manufacture customized patches. The separated pieces were cut
into shape by laser and embedded into an array to form a complex piezocomposite.
Besides piezoceramic plates it was also demonstrated that the manufacturing
concept is applicable to fiber based piezocomposites as shown in Fig. 3.10.

3.4 Multilayer Piezocomposites

In many applications it is required to significantly reduce the operation voltage of
piezoelectric actuators without reducing the active strain. The use of high voltages
in technical systems is associated with some severe drawbacks. Besides harder
official safety regulations there are insulation issues and high voltage electronic

Fig. 3.7 Standard
piezocomposite transducer
(54 9 34 9 0.4 mm2) with
solder points as electrical
contact bonded on a tube to
demonstrate the flexibility of
the piezocomposite

Fig. 3.8 Piezocomposite
with three circular shaped
piezoceramics and embedded
BNC connectors as a sensor
array for structural health
monitoring (SHM)
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components are usually more expensive. Also the acceptance of the user is may be
lacking. The desire to reduce the operation voltage of piezoelectric actuators led to
the development of multilayer stack actuators [29–31]. Conventional stack actu-
ators are made of piezoceramic plates, which are glued together in a stacking
sequence. To contact the electrodes, sheets of copper are also incorporated within
the glue layer. The drawback of this design is the decreasing stiffness of the
actuator with increasing length (or increasing number of glue layers). Also the
operation voltage cannot be reduced significantly because this would mean a
reduction of the piezoceramic plate thickness; hence an increased number of plates
with even more glue layers. Also the manufacturing and handling of individual
thin plates is difficult.

Fig. 3.10 Piezocomposite
with interdigitated surface
electrodes and piezoceramic
fibers (200 lm fiber
diameter)

Fig. 3.9 Piezocomposite
with complex design to cover
the surface of an adaptive
satellite mirror for high
precision shape control [28]
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In the manufacturing process of multilayer stacks the electrodes are incorpo-
rated during the sintering process as very thin layers. The stack itself is a mono-
lithic block with integrated electrode layers. Therefore their influence on stiffness
and performance is very low. This allows a reduction of the distance between the
electrodes, what leads to a significantly reduced operation voltage

To utilize the multilayer technology for low-profile piezocomposites a techno-
logy has been developed that allows to cut multilayer stacks into thin
(0.2–0.3 mm) plates and to embed the fragile multilayer plates into a composite to
form a robust and easy to use transducer. As depicted in Fig. 3.11 this design
results in a homogenous field distribution over large areas of the piezoceramic
material.

3.4.1 Manufacturing of Multilayer Piezocomposites

Starting point for the manufacturing of a multilayer piezocomposite is a commercial
available multilayer stack. The dimensions of the stack configuration, which has
been used for the technology development, are 18 9 5 9 5 mm3. The stack is
provided with passive ceramic endplates, so that the actual active length of the stack
is 15 mm with an electrode distance of 53 lm.

multilayer
stack

collector 
electrode

elastic collector 
electrode

cracks

electrodes

Fig. 3.12 Cracks caused by
inhomogeneous electrical
fields at the electrode tip

t

del

P, E

Fig. 3.11 Field distribution
in a multilayer plate cut from
a multilayer stack
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In a first step the multilayer stack (Fig. 3.13a) is provided with a thin con-
ductive collector electrode (Fig. 3.13b). External loads or loads that are generated
during operation of the stack actuator can lead to cracks in the collector electrode
(Fig. 3.12). Main causes for cracks are inhomogeneous electrical fields, which
appear only at the tips of the electrodes. Because these cracks are limited to certain

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 3.13 Manufacturing steps; (a) multilayer stack; (b) collector electrode; (c) flexible collector
electrode; (d) dicing; (e) multilayer plate; (f) packaging
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regions they do not have a critical impact on the actuator performance, but they
can cause cracks in the collector electrode as well. This would result in a partially
or complete failure of the actuator. To compensate for this problem an additional
elastic collector electrode is applied (Fig. 3.13c). The collector electrode is made
of an elastic conductive fiber material to stop the propagation of the cracks. After
the application of the elastic collector electrode thin plates with a thickness of
0.3 mm are cut from the stack (Fig. 3.13d, e).

The next step in the manufacturing process is the embedding of the brittle and
sensitive multilayer plate in a polymer to form the actual composite. This is done
using the modular manufacturing concept for piezocomposites as described before.
The outer layers of the composite consist of thin polyimid films (25 lm) to
guarantee a good electrical insulation. To fix the position of the multilayer plates
during the manufacturing process, but also to enable the resin flow, a frame of non
conductive fiber material is used. Preferably this frame is made of a polyester
fleece with cut outs having the size of the multilayer plates. Because the dimen-
sions of the multilayer plates are limited, an array of plates can be arranged in one
composite to enlarge the active area. To increase the productivity of the process
several composites are manufactured at once and separated afterwards.

Figure 3.14 shows exemplary piezocomposites that were build with the stan-
dard multilayer stack configuration. These composites have been used to charac-
terize the performance of this new actuator configuration.

3.4.2 Free Strain of Multilayer Piezocomposites

A typical strain-voltage curve of the multilayer piezocomposite is plotted in
Fig. 3.15. The strain of the multilayer piezocomposite was calculated using the
results of the measured displacement with respect to an active length of 15 mm.
With an electrode distance of 53 lm and a maximum voltage of 120 V, a maxi-
mum electrical field of 2.26 kV/mm was applied. All measurements were made
applying a quasi static excitation of 0.1 Hz with a triangle wave form.

Fig. 3.14 Piezocomposites made of a stack with dimension of 18 9 5 9 5 mm3
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Table 3.4 summarizes the results of the free strain measurement with a set of 12
specimens. The average active free strain that was measured with an operation
voltage of 120 V was 1,285 lm/m. In comparison to state of the art d33-piezo-
composites with interdigitated surface electrodes, which need voltages of up to
1,500 V to achieve same active strain levels, this actuator has demonstrated that it
is possible to drastically reduce the operation voltage of d33-piezocomposites.

3.5 Summary and Conclusion

A considerable number of developments in the area of piezocomposites for
adaptive systems demonstrate the relevance of this technology. This is also
emphasized by an increasing number of commercial products in this context.

Based on fiber composite manufacturing processes a new technology was
developed to build up reliable and easy to use piezocomposites. Due to their design
these piezocomposites are characterized by a high damage tolerance and a
mechanical pre-compression of the brittle piezoceramic material. It is also possible
to realize very complex configurations that can be adapted in shape and material
composition to meet the requirements of different application scenarios.

Table 3.4 Results of the free strain measurement with a set of 12 specimens

Average free strain [lm/m] 1,285
Standard deviation [lm/m] 56.5
Standard deviation [%] 4.4
Min [lm/m] 1,193
Max [lm/m] 1,380
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State of the art d33-piezocomposites incorporate surface mounted interdigi-
tated electrodes. The drawback of such a configuration is a very high operation
voltage (typical 1,500 V). The utilization of multilayer technology for low
profile piezocomposites allows a significant reduction of the operation voltage. A
technology to fabricate multilayer piezocomposites is presented. It was demon-
strated that an active strain of 1,285 lm/m can be achieved with an operation
voltage of 120 V.

Following the basic idea of adaptive systems the potential of the piezocomposite
technology is not yet fully explored. It is also feasible to integrate more func-
tionalities than a piezoelectric transducer into the composite. An example is shown
in Fig. 3.16. During the manufacturing process also a micro system (in this case an
acceleration sensor) including all necessary circuits and electronics was integrated
into a composite to form a combined actuator and sensor module. This module is
useful for the control of plate vibrations, since it allows a vibration measurement
perpendicular to the plate surface. A piezoceramic transducer alone would only
measure the in-plane strain of the plate. Another example is the incorporation of
aerodynamic flow sensors as part of an active flow control system [32].
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Chapter 4
Nanoscaled Boehmites’ Modes of Action
in a Polymer and its Carbon Fiber
Reinforced Plastic

Christine Arlt, Wibke Exner, Ulrich Riedel, Heinz Sturm
and Michael Sinapius

Abstract Laminates of carbon fiber reinforced plastic (CFRP), which are man-
ufactured by injection technology, are reinforced with boehmite particles. This
doping strengthens the laminates, whose original properties are weaker than those
of prepregs. Besides the shear strength, compression strength and the damage
tolerance, the mode of action of the nanoparticles in resin and in CFRP is also
analyzed. It thereby reveals that the hydroxyl groups and even more a taurine
modification of the boehmites’ surface alter the elementary polymer morphology.
Consequently a new flow and reaction comportment, lower glass transition tem-
peratures and shrinkage, as well as a changed mechanical behavior occur. Due to a
structural upgrading of the matrix (higher shear stiffness, reduced residual stress),
a better fiber-matrix adhesion, and differing crack paths, the boehmite nanoparti-
cles move the degradation barrier of the material to higher loadings, thus resulting
in considerably upgraded new CFRP.

4.1 Challenges of Future Carbon Fiber Reinforced Plastics

Increasing ecological awareness as well as quality and safety demands, which are
present e.g. in the aerospace and automotive sectors, lead to the need to use more
sophisticated and more effective materials. Thereby cost efficiency is indispensable.
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CFRPs have successfully been established in lightweight construction due to
their excellent mechanical performance, while having a low specific weight.
Currently the injection–and the prepreg (pre-impregnated fibers)—technology are
the widest spread manufacturing techniques for processing high performance
CFRPs. The injection of liquid resin into dry fibers has the advantages of lower
manufacturing costs and higher potential of volume production. However, prepreg
manufactured CFRPs still have the higher property level.

Typically, CFRP-structures are dimensioned via their fibers under external
loading conditions. But it is well known, that laminate failure is often determined
by the matrix behavior under miscellaneous loading conditions. Especially for
laminates manufactured by injection technology the remaining residual stresses in
the laminate and limited matrix properties hinder the development of these high
performance materials to their full potential. Hence the idea of strengthening the
injection matrix for CFRP is obvious.

One approach to progress is the incorporation of fillers. In numerous projects
several materials as metal oxides, glasses or carbonates have been investigated [1
and there within]. Initially micro scaled particles were used for reinforcement.
Problems occurred due to brittleness of the polymer, increased viscosity and fil-
tration of the particles by the fiber. In order to overcome these problems nano-
scaled fillers became the focus of research [2]. Improved chemical, physical and
mechanical material properties have been realized by many researchers. The
accomplished changes mostly depend on the material characteristics of the filler,
the particle size and shape, the dispersion quality, the filler content and the par-
ticle–matrix interaction [3, 4]. By altering the nanoparticles surface molecules, the
particle–matrix interaction can be tailored and therewith the polymer network be
formed [5]. Various research results show an increase of mechanical performance
with improved resin-particle bonding [6, 7]. Especially covalent bonding is named
to enhance the load transfer and make the nanocomposites more resistant [6–10].
A limiting factor of the influence of a strong interphase is the network mobility.
With a progress of cross linking density the network mobility decreases and the
influence the particle-resin interphase becomes less influential [11]. For that reason
general statements are difficult.

So, the challenge of this research is to figure out relationships between the
particles’ surface molecules, nano-polymer properties and the properties of cor-
responding CFRP.

4.2 Resin-Particle Interactions

For the reinforcement of CFRPs nanoscaled boehmite is used. The particles have a
cubical shape and a primary size of 14 nm. Boehmite is a aluminum oxide
hydroxide (c-AlO(OH)). Therefore it posses a high number of hydroxyl groups at its
surface, which allow a surface modification. In the presented work pure boehmite
(HP14) and taurine modified particles (HP14T) are analyzed. According to literature
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[12] the taurine molecule probably reacts in an acid base reaction with the boehmite
and forms an outer-sphere complex. Figure 4.1 presents the formed complex.

By the means of BET measurements and elemental analysis the specific surface
area and the atomic composition of the particles are tested. With the help of these
results a surface coverage of 16% with taurine is calculated for the particles
HP14T.

The processed particles were provided by the company Sasol Germany GmbH
as a dry powder. In the dry state the particles are clustered into agglomerates and
aggregates. To obtain single nanoscaled particles, the powder was dispersed into
the resin. This was done with a three-roll mill (Exakt, 80E) for HP14 and with a
bead mill for HP14T. In both machines the particles get separated by mechanical
loads. To analyze particle size and distribution scanning election microscope
(SEM) picture were made of the nanocomposites. In Fig. 4.2 two representative
pictures are presented. The results show a fine and homogeneous particle distri-
bution. Only a small number of minor agglomerates are found.

While processing the liquid nanocomposites a major difference in viscosity of
both systems becomes obvious. Figure 4.3 shows the viscosity during cure at 80�C.
Comparing the nanocomposite of pure boehmite with the pure resin, a significant
increase in viscosity is observed. The taurine modified particles in contrast affect the
flowability hardly.

Further experiments show for the masterbatch of HP14 a thixotropic behavior,
while the masterbatch of HP14 only have a slight shear thinning. The different
viscosity of both liquid systems indicates a different particle-resin interaction caused
by the different surface properties. While the interaction of the pure boehmite and
the resin seems strong, the modification with taurine weakens this interphase.

To verify this assumption both particles were processed with 4-tert-butylphenyl
glycidyl ether. The 4-tert-butylphenyl glycidyl ether is used as a model substance
for the resin. After the reaction with the model substance the particles got thor-
oughly washed and analysed by means of attenuated total reflection (ATR) and
nuclear magnetic resonance spectroscopy (NMR). Results showed an opening of
the epoxy group. A clear product could not be identified, but strong interactions
between the particles and the resin can be assumed. Taurine molecules can not
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RFig. 4.1 Outer-sphere
complex between sulfonat
und boehmite (detail view of
crystal) [12]
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react with the resin. For that reason they act as a spacer, which results in significant
lower viscosities.

The astonishing difference in flowing behavior caused by the modification is
essential for the manufacturing of CFRPs by injection technology. Only with the
particles HP14T this manufacturing method is realizable.

4.3 Particle-Polymer Interphases

The first approach of detecting changed particle-resin interactions and interphase
strength by the altering the boehmites’ surface molecules showed that taurine-
modified particles seem to interact less strong with the epoxy than the unmodified
analogon (viscosity profiles, Sect. 4.2, Fig. 4.3).

Now the resulting changes in the polymer network and therewith its Young’s
modulus especially in the close-up range of the particles HP14 and HP14T shall be
considered.

Fig. 4.2 SEM-pictures of cured nanocomposites with a filler content of 15 wt% of boehmite; left
HP14; right HP14T
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For that reason, samples of cured nanocomposites are prepared using abrasive
grinding paper followed by polishing using a diamond suspension. First inspection
using Atomic Force Microscopy (AFM) operated in the Force Modulation Mode
(FMM) showed partially contamination with a soft, viscous surface layer, which
was gradually removed by a magnetically coupled plasma (air, *10-1 mbar).

Force Modulation Microscopy (FMM) is a variation of the AFM contact mode.
The sample is mounted on a piezo (resonance frequency 6 MHz, Dd/DU *2 nm/
V, both for the unloaded case) and a sufficient drift range must be realized to
suppress acoustic near field effects, which in our case was realized by the sample
thickness itself (*1.5 cm). The actuator is excited with an AC voltage leading to a
Dz of the surface of\2 nm. The resulting cantilever bending is analyzed by means
of a synchronized lock-in amplifier. Soft sample sites deform under the contact
load of the AFM tip leading to low cantilever vibration amplitude, very stiff
contacts would lead to a high lever vibration. Such a stiff and loss-free contact
allows tuning of the phase shift between excitation and response in a way that the
loss (imaginary part) is close to zero. For the samples inspected, the real part
amplitude, which can be equated with the local storage modulus within the sample,
showed the most stable and reliable contrasts.

Fig. 4.4 FFM, excitation frequency 75 kHz: topographies (top) and pictures of real part
amplitude (contrasts of storage modulus) (bottom) of nanocomposites; left: HP14 7.5 wt.-%:
small ‘‘halo’’; right: HP14T 15 wt%: big ‘‘halo’’
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Figure 4.4 illustrates these stiffness alterations (bottom). For both nanocom-
posites’ samples (HP14 and HP14T) dark ‘‘halos’’ surrounding light ‘‘dots’’ can be
observed. As the lighter regions are the stiffer ones, it can be assumed, that the
particles are surrounded by a clearly soft matrix. These soft regions are even softer
than the remaining polymer.

After the viscosity analysis and the reactions with the model substance these
pictures could be a further piece of the puzzle showing that both, the particles
HP14, and the modified ones, HP14T, change the polymer network pattern in the
close-up range around the particles. Thus a softer and less dense polymer, possibly
a resin enriched zone, is formed. The close-up range extends up to 200 nm for
HP14T and 100 nm for HP14 around each particle. While Wetzel [13] assumes a
stronger network around his particles, Holst [14] and Solomko [15] on the other
hand describe the contrary phenomenon, as can be found in this work: supramo-
lecular structures which allow fewer cross-links and therewith a reduced network
density compared to the unaffected matrix. At which moment these interphases are
built is yet unclear. But it can be assumed that first bonds occur while dispersing
the particle powder into the resin [5].

4.4 Selected Properties and the Nanocomposites’
Particle-Network

The pictures of the FFM measurements give a clear indication towards the creation
of soft zones around the incorporated particles. This understanding is supported by
kinetic results. Nanocomposites with different filler contents were analyzed by the
means of dynamic differential scanning calorimetry (DSC). For the particles HP14,
as well as for the particles HP14T, a decreasing reaction enthalpy (released heat
calculated per gram reactive resin) with increasing filler content was observed.
This indicates the sterical hindrance of the cross linking [11]. At the surface of the
particles further creation of the network is not possible and the total degree of cure
decreases.

Another interesting result is shown by the DSC measurements. Comparing the
reaction rates of the cure of the nanocomposites a striking observation can be
made. The results show an increase of reaction rate by the incorporation of the
pure boehmite particles, while the taurine modified ones decelerate the cure. In
literature [16] a catalytic effect of boehmite on the ring opening of epoxies is
described. This observation hints again towards the function of taurine as a spacer
between particle and resin. The hindrance of direct contact blocks the catalytic
effect of the boehmite surface. This observation clearly correlates with the results
of the viscosity and the FFM-measurements.

The cured nanocomposites filled with different particle contents from 0 to
15 wt% were characterized by three-point bending (DIN EN ISO 178) and tension
(DIN EN ISO 527) tests.
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In Fig. 4.5 the flexural modulus, the bending strength and the strain at maxi-
mum force as results from the bending tests are depicted. With increasing filler
content a decreasing strain at maximum force and increasing bending strength and
flexural modulus related to the pure resin are observed. Surprisingly the nano-
composites with low filler content, in particular with 1 and 1.75 wt%, have the
opposite effects as described.

In contrary to the bending results, no effect of the low filler contents could be
observed for the tensile tests. The results show an increasing youngs modulus and
tensile strength and a decreasing strain at maximum force with raising filler
contents. For both tests no significant difference between the particles HP14 and
HP14T occurred.

From the described results a model of the reinforcement of epoxy resins by
nanoparticles is concluded. Nanoparticles create a soft zone in the matrix due to
the sterical hindrance of the cure. This leads to increased network mobility. For
that reason the nanocomposite becomes less stiff at low filler contents. At higher
filler contents the strengthening of the particles becomes more and more dominant.
The mechanical performance of the nanocomposite increases. Figure 4.6 shows a
model of the described effects.

4.5 Conclusion: Nanoparticles’ Mode of Action in CFRP

Incorporating up to 15 wt% surface modified boehemite nanoparticles into the
polymer results in increased modulus, strength and fracture toughness of the
nanoparticle reinforced polymers. Therefore, this can considerably enhance
properties of CFRP. The shear strengths [interlaminar shear strength (ILSS) and
±45� shear strength (IPSS)], the compression strength (CS), their damage toler-
ance [compression after impact (CAI)] and the fiber-matrix adhesion [5], which
are particularly limiting parameters for highly stressed aerospace materials, can be
improved by up to 25%. Various effects are responsible:
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The enhanced resin stiffness and strength prevent fiber buckling while

1. reduced initial stresses [5] lead to decelerated crack propagation and delami-
nation growth, and, therefore, to a higher resistance against first ply failure and

2. very effective crack deflection, crack pinning and crack bridging processes [5,
17] (differing crack paths; Fig. 4.7) lead to a disproportionately enhanced
interlaminar energy release rate (G1c).

3. Furthermore with wisely chosen particle surface molecules, the resin-particle
interactions can be adjusted. Also a new network pattern can be built, which,
when combined with lower resin shrinkage, may lead to significantly higher
fiber-matrix adhesion.

Increasing cross linking
Increasing filler content and interphase fraction

Fig. 4.6 Cross linking model of change in network by incorporation of nanofillers

Fig. 4.7 Micrographs of ILSS-samples (HTA fibers, 59–61 vol.% fiber content, top: reference,
middle: 7.5 wt% HP14T, bottom: 15 wt% HP14T): Differing crack paths in matrix (dark)
between fibers (light). (Measuring bar: 200 lm)
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In summary all these attributes result in a considerably upgraded new CFRP
(Fig. 4.8).
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Chapter 5
Advanced Flame Protection of CFRP
Through Nanotechnology

Alexandra Kühn and Michael Sinapius

Abstract This chapter refers about the optimization of fire resistance of CFRP. For
this optimization the most promising nano scaled additives are used and varied
regarding the particle content, size and effect offlame retardancy. One major challenge
is to optimize the particle dispersion and to determine the optimal particle concen-
trations in consideration of the effect of flame retardancy and the resulting material
properties. Additionally a fire testing method has to be determined that resolves the
potentially small differences in the used variations. Therefore standard fire and
mechanical tests are used as well as a simple thermal material method, given with the
thermo gravimetric analysis (TGA) including a single differential thermal analysis
(SDTA) that also suits for a fast comparison of the materials fire properties. Hereby
obtained results are compared and a related behaviour of the fire properties can be
shown between standard fire tests and thermal material tests using the TGA-device.

5.1 Protection Against Fire

A major fire is normally defined as an independent spreading fire causing damages
and health impairments to objects and people. The causes of a fire can be various.
Especially regarding the safety of civil aircrafts the fire prevention is of particular
importance. A fire scenario of great relevance is the so called Post Crash Fire.
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A Post Crash Fire is a fire which can occur after a crash caused by leaking
kerosene and an ignition source. In this case the mechanical stability has to be
guaranteed until survivors and casualties have been evacuated. There is not only
the risk of heavily loaded components falling down and injuring people but also
the immediate danger through the release of great heat, smoke and toxic gases.
Especially during the combustion of fiber composites containing polymer matrices
many reaction products are released which can not be characterized as harmless. In
addition to the strong emission of smoke and soot which probably block escape
routes these are unhealthy gases and toxic fiber particles in the air breathed. While
the term fire protection mostly describes concrete actions to extinguish a fire the
flame retardancy directly influences the material itself so that a fire ideally can be
prevented. One possibility is the usage of hardly or non flaming materials another
option is to use additives within or at the component which effectively optimize the
fire properties. The importance of flame retardants increases continuously [1, 2].

5.1.1 Flame Retardants for Fiber Composites

Though CFRP laminates are already widespread used and are still prevailing for
further applications they show some critical drawbacks that prevent a more
extensive use. Especially the low fire resistance of CFRP mainly due to the plastic
matrix is a problem to be solved. Generally flame retardants are applied as coatings
[3] that disadvantageously increase the components weight. An approach to pre-
vent this disadvantage could be the modification of the polymeric matrices of
CFRP by nano particles. This modification bears the opportunity of material
integrated flame retardancy for CFRP manufactured with the injection technology.
On the one hand the usage of nano particles is compulsory to prevent the particles
from being filtered out by the fiber semi finished products with diameters of a few
microns during the injection process. On the other hand nano scaled particles have
a disproportionately higher surface than the same amount of larger particles. This
bears the possibility of an even further enhancement of the effect of flame retar-
dancy where for example a cooling effect is transmitted by the particles surface. In
addition to the improvement of the flame properties of CFRP material integrated
particles can lead to a structural reinforcement in case of a fire. Another demand
for the daily use is that the mechanical properties of the materials like stiffness and
strength should not be influenced negatively by the application of these modifi-
cations. These effects can not be reached by classical micro particles but due to
nano particles as already shown in previous chapters of this book. Subsequently
the integrated flame retardants used for the optimization of the flame properties of
CFRP have to be nano scaled. For the selection of suitable particles based on
nanotechnology the combustion process has to be regarded. A fire to get started
and keep going needs the following prerequisites as pictured in Fig. 5.1 (left):
heat, oxygen and burnable material. If these prerequisites are present the heat input
initiates the pyrolysis. This is followed by an oxidation of the pyrolysis products
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resulting in further heat, smoke and several combustion products. The heat thereby
produced in turn results in a thermal feedback keeping the combustion going. Due
to the oxidation of pyrolysis products a char is formed acting as a flame barrier.

The combustion process can be influenced by flame retardants as pictured in
Fig. 5.1 (right) either by building an additional intumescing barrier or char preventing
the oxygen from feeding the base of fire or by diluting the combustion products
through inert gas or by actively cooling through for example the release of water and
therefore preventing thermal feedback. Nanotechnology offers several particle sys-
tems which are already well examined in literature for the use as flame retardants.
Suitable particle systems are carbon nano tubes (CNT) which function due to thermal
conduction cooling down the base of fire, organoclays building an intumescing
barrier layer and aluminium trihydroxide (ATH) and magnesium dihydroxide (MDH)
known for splitting up water at definite temperatures and therefore cooling down and
diluting the combustion products. All particle systems integrated into the matrix
additionally reduce the burnable material by their embedded content. It depends on
the dispersion quality if there is a further use due to the nano particles small size.
Nano particles tend to agglomerate as described in the sections before so the use of
dispersion devices is necessary to separate the agglomerates ideally up to the particles
primary size. If possible several predefined agglomerate sizes can be produced to
examine the influence of this value on the resulting effect of flame retardancy [1–5].

5.1.2 Fire Tests and Supplemental Characterizations

To evaluate the optimizations achieved by the modifications used in this research
small scale fire tests as well as thermal tests were made. Due to these tests it is
possible to determine whether the use of flame retardants is necessary or basically
suitable. However, these coupon tests do not represent the real properties of a
structural component exposed to fire. Therefore original scale components have to

Fig. 5.1 Schematic combustion process (left); influence of flame retardants on combustion
process (right) [1]
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be tested in a suitable experimental set-up with authentic loads in a realistic fire
scenario. The major drawback of small scale coupon tests is that normally stan-
dardized burners are used and the experimental set-up does not meet the conditions
of a real fire. The same applies to the release of the evaluated smoke and toxic
gases giving no directly usable prediction about a realistic toxicity as for example
the carbon monoxide concentration of a lab fire may significantly differ from the
concentration resulting from a real fire. Though the deliverables of lab scale tests
differ from these of a realistic fire scenario the results are of great importance for
the estimation of the fire behaviour and toxicity of materials.

While the standard fire-smoke-toxicity (FST) tests qualitatively picture the
behaviour of a fire especially in the case of fiber reinforced polymer composites,
the most important quantitative value to be measured in a fire is the rate of the heat
released representing the released energy which is schematically shown in the
Fig. 5.2. Hereby each material has a specific character which can be measured
using a cone calorimeter or an Ohio-State-University (OSU) calorimeter as
widespread used and accepted standard methods.

Also important is the progression of the mass decomposition which also can be
recorded by the cone calorimeter or using small scale tests performed with the
thermo gravimetric analysis.

For this research flammability tests performed by a Bunsen burner according to
AITM 2.0002B were chosen to visualize the optimization due to the modification
of the polymer. The flammability test samples were 75 9 305 mm in size with a
thickness of 2 mm and they were exposed to the Bunsen burner flame for 12 s.
Afterwards the after burn duration was recorded and the burning notch length was
measured.

For a comprehensive material characterization the quantity of heat produced at
combustion was measured by a thermo gravimetric analysis TGA/SDTA 851
(Mettler Toledo, Germany) containing a single differential thermal analysis real-
ized by the usage of a temperature sensor placed near the probe. The temperature
of the combustion- or oven chamber is predetermined by the chosen temperature
program. Knowing the probes temperature as well as the oven temperature the heat

Fig. 5.2 Schematic picture
of the heat release rate of a
polymer [1]
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flow can be determined and consequently the quantity of heat. The weighing cell
of the device records the probes weight during the whole measurement procedure.
Therefore two important measured variables concerning the combustion process
could be determined using the TGA. These measurements were conducted using a
mixture of oxygen and nitrogen at a mixture ratio of 2:1 as a purge gas and a gas
flow rate of 60 ml/min. The intension was to use a gas mixture with higher
nitrogen content for a more realistic measurement environment. Unfortunately a
mixture of both gases could not contain more than 20 ml/min of nitrogen. This is a
limitation given by the device. Therefore a mixture of both gases could not sim-
ulate the conditions of air without further equipment. The temperature programme
for this measurement was set to run from 200–600�C and the heating rate was 4 K/
min to accelerate the measurement procedure. Samples with an initial weight of
25 mg were used.

The pyrolysis combustion flow calorimetric (PCFC) measurements were con-
ducted using samples of 2 mg in size. The temperature programme for this mea-
surement was set to run from 75–750�C and the heating rate was 60 K/minute.
These measurements were conducted using a mixture of oxygen and nitrogen at a
mixture ratio of 1:4 as in air and a gas flow rate of 100 ml/min.

The research was conducted with a Cone Calorimeter (Fire Test Technology,
East Grinstead, UK) according to ISO 5660. The samples of the Cone Calorimeter
were 100 9 100 mm in size with a sample thickness of 2 mm and were condi-
tioned for at least 48 h at 23�C and 50% relative humidity before the measurement.
The measurement was conducted with an irradiance of 50 kW/m2 at a distance of
25 mm between the radiation source and the samples surface [6–12].

5.2 Materials and Methods

For the optimization of fire properties different types of nanoparticles are available
as presented in the previous section. Some of these particles are commonly
available as micron particles and are already widespread used. There are already
several studies focussing on the effect of flame retardancy of CNTs and orga-
noclays respectively nanoclays which can be found in literature [13–17]. The
examinations of the fire properties of CFRP herein focus on the use of ATH-
nanoparticles provided by the company Sasol [18].

5.2.1 Nanoparticles and Resins

The ATH particles by the company Sasol were delivered in several versions
differing in particles size, surface modification and modification amount realized
through the modification during different manufacturing process steps of the
particles.
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The resin used in this study is an epoxy resin which is partly well approved in
aircraft industry. It is a three-component diglycidyl ether of bisphenol A (DGEBA)
based epoxy resin with a TG of 120�C (Araldite LY556 from Huntsman), the
anhydride curing agent HY917 and the amine accelerator DY070. This resin
system is cured for 4 h at 80�C and postcured for 4 h at 120�C.

5.2.2 Dispersion Process and Material Characterisation

Several dispersion devices were available for the examination as for example a
dissolver, a torus mill, a ball mill and later during the last period of the exami-
nation a calender also usable for highly vicious systems containing high particle
contents. During this process the particles provided by the company Sasol could be
optimized themselves in respect of the surface modification with the aim of a
better dispersion quality. As the result a modification of the particles surface with
taurine showed the best dispersion quality. This optimization was accomplished by
the company Sasol taking into account the results of the dispersion examination.
To produce a particle-resin-masterbatch during the dispersion process only the
resin component is used to avoid curing during this process step. For further
processing the particle-resin-batch is mixed with the hardener and accelerator
component. The dispersion quality is verified by the SEM. The ATH particle
system by the company SASOL was used for a comprehensive material charac-
terisation giving a detailed correlation between the particle content and the
resulting reduction of the exothermal combustion heat. These tests were performed
by the TGA as explained in the previous section [19].

5.3 Results and Discussion

5.3.1 Thermal Characterization of Very Small Scale Test
Specimens

For the purpose of a comprehensive material characterization in addition to the
nano particle modified polymer with particle contents ranging from 5 to 40% in
steps of 5% the particle powder was measured as well solely in order to achieve
the expected reduction of the combustion heat. Due to this knowledge the expected
reduction of the combustion heat could be calculated for all measured particle
contents. The results are given in Fig. 5.3.

It can be seen that the statistical spread of the measurement is comparatively
high for very high particle contents as well as the neat resin specimens. For high
particle contents this is presumably caused by a worse dispersion quality compared
to lower particle contents. The huge statistical spread of the neat resin samples
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results from the used gas flow program which obviously was not appropriate for
the high combustion heat release peaks of the neat resin probes showing a very
discontinuously curve character. Two expected curve characteristics are shown in
the diagram. One expected* curve represents the reduction of the combustion heat
induced by the reduction of the burnable material due to the particles, the second
expected** curve also takes into account the cooling effect of the particles. The
trend line of the measured results hereby corresponds well to the expected** curve
characteristics which is not a surprise and certifies the test method. For some
particle contents the deviation from the expected** curve is significantly high as
for example regarding the particle concentrations of 20 and 30%. Where the
measured value is below the expected** curve the particles are not as efficient as
otherwise. This could result through a bad dispersion quality and many micro
scaled agglomerates. The minimum reduction of the combustion heat still
shouldn’t be below the expected* curve resulting from the reduction of the
burnable material. For the statistical spread of the particle content was lower than
the deviation in the reduction of the combustion heat some effects of the particles
increasing the combustion heat of the sample have to be taken into account. This
could be an increase of the samples surface due to the particles. Where the
measured results surprisingly show a greater reduction of the combustion heat this
is supposed to be caused by the increased specific surface of the thoroughly
dispersed nano particles for the previously measured particle powder is agglom-
erated and therefore not nano scaled but micro scaled. This nano effect concerning
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the flame retardancy will be researched and confirmed in further investigations.
Obviously there is a linear correlation between the reduction of combustion heat
and the particle content.

5.3.2 Comparison to Standard Fire Test Methods

The behaviour showing a linear correlation between the reduction of the fire
properties and the particle content seen in the thermal material characterisation
corresponds to the results of the flammability test. These tests prove the reduction
of the burning notch length of ATH1-modified resin probes according to the
increase of the particle content as shown in Fig. 5.4. Probes with an ATH1-Particle
content of 20% achieved an improvement of 15% which is a little bit less than
expected due to the modification and measured using the TGA.

The results of the examinations using the PCFC and the Cone calorimeter are
pictured in Fig. 5.5 next to the results of the examinations presented in the pre-
vious section. The very small scale probes of the PCFC show similar results as the
TGA test specimens. The trend leads to even higher reductions of the combustion
heat. This even exceeds the expectations due to the measured cooling effect of the
particles and supports the theory that there is an increased effect using nano
particles instead of standard micro scaled particles. On the other hand the results of
the examinations using the cone calorimeter show a contrary effect. Comparable to

Fig. 5.4 Flammability test specimen with varying particle contents of ATH1
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the trend of the flammability test a reduction of the combustion heat of only about
15% could be reached using a particle content of 20%. For low particle contents of
about 5% even an increase of the combustion heat can be detected which supports
the consideration of a flammability increasing effect due to the particles.

Very small scale tests seem to profit more from the modification of the polymer
with nano scaled ATH than larger scale test configurations though a good trend of
the results can be given using very small scale tests which makes them suitable for
a comprehensive material characterisation.

Additionally it could be shown, that the nano scaled particles ATH1 by the
company SASOL are well suitable as flame retardants for polymers used in CFRP.
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Chapter 6
Fundamental Characterization of
Epoxy-Silica Nanocomposites Used
for the Manufacturing of Fiber
Reinforced Composites

Thorsten Mahrholz and Michael Sinapius

Abstract Nanocomposites based on silica nanoparticles and high performance
epoxy resins are investigated for their suitability as a new type of matrix for fiber-
reinforced polymers (FRP) using injection technologies (LCM). The key focus is
on the determination of the processing parameters at varying silica nanoparticle
content. The homogeneous distribution of the nanoscaled silica in the epoxy
matrix is proven by photon cross correlation spectroscopy (PCCS) and scanning
electron microscopy (SEM) analysis. Depending on the silica content of the
composite, its stiffness, strength and toughness can be increased significantly
compared with the neat resin. The mechanical performance is discussed by failure
mechanisms based on the analysis of the fracture surface morphology. Moreover,
resin shrinkage and the thermal expansion are significantly reduced both important
for lowering internal stress in FRP. The injectability of the nanocomposite for the
purpose of lamination using the LCM technology is nearly unaffected. Epoxy-
silica nanocomposites are now proven to be a new high performance polymer
matrix for FRP structures manufactured by the low cost LCM techniques.

6.1 Introduction

Prepreg technology is currently the most widely used manufacturing technique for
making high performance fiber composites (FRP). Despite good composite quality,
this manufacturing technique carries the disadvantages of high manufacturing
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costs and minimal potential cost savings. Injection techniques (Liquid Composite
Moulding—LCM), such as RTM, VARI, DP-RTM and SLI are alternative man-
ufacturing techniques that have been developed in recent years [1–3] and are
already in industrial application. Low manufacturing costs achieved through a
combination of inexpensive resins and semi finished fiber materials are decisive
advantages compared with the prepreg technology. However, the properties of
high performance composites produced by LCM techniques have not yet reached
the level of the Prepreg composites. This is essentially caused by the matrix
shrinkage in the polymer system, which leads to internal stress reducing the
material performance. Traditional microfillers which are investigated for reducing
the matrix shrinkage lead to manufacturing problems i.e. increased viscosity and
filtration effects and brittleness of the matrix. In order to avoid these problems so
called nanocomposites i.e., thermosetting resins filled with nanoparticles
(1–100 nm) are proposed.

In the present study nanoscaled silica particles produced in a sol–gel technique
[4, 5] are focused on to eliminate main disadvantages of the LCM technology and,
at the same time, to increase the material composite qualities. Espcially the
thermal, mechanical and rheological properties of the nanocomposites are thor-
oughly studied. Moreover the influences of nanoparticles on the macroscopic
properties of the polymer matrix are discussed with the fracture surface mor-
phology as a reference. Finally the suitability of this new type of polymer matrix
for manufacturing of fiber composite materials through injection technology is
assessed. The long term objective of the investigation is to use nanoparticles for
making tailored higher performance reaction resin available for the manufacturing
of FRP by LCM techniques. The use of nanocomposites as a new type of polymer
matrix will significantly improve the spectrum of properties of FRP, thus
expanding the range of applications of fiber composite structures.

6.2 Materials and Preparation

The material used in this study is an epoxy resin, diglycidyl ether of bisphenol A
(DGEBA) (Araldite LY556; Huntsman), cured by an anhydride curing agent, 4-
methyl-1,2-cyclohexanedicarboxylic anhydride (Aradur HY917; Huntsman) and
accelerated by an amine, 1-methyl-imidazole (DY070; Huntsman). The nano-
particle system is a commercially available spherical silica pre-dissolved in a
bifunctional epoxy resin (similar to Araldite LY556). The master batch provided
by Hanse-Chemie AG (Germany) consists of 40 wt% silica nanoparticles. These
particles are manufactured by means of a sol–gel technique and grow directly in
the polymer matrix [4, 6]. The primary particle size can be adjusted through
quenching processes and is within a range of 8–50 nm (note of the producer). The
particle surface was also modified by Hanse-Chemie AG with a reactive organic
silane which allows a polymerisation directly with the resin matrix and prevents
particle agglomeration.
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The influence of the nanoscaled silica concentration on the range of properties
of the epoxy matrix (Araldite LY type) was investigated in a series of tests in order
to determine the best concentration range for FRP production. Therefore the
master batch of silica (40 wt%) was first diluted with the neat epoxy resin and
afterwards well mixed with the hardener and accelerator. In each case the mix ratio
of the epoxy resin (Araldite LY556), the hardener (Aradur HY917) and the
accelerator (DY070) was 100: 90: 0.5 wt%. The silica concentration was adjusted
within a range of 0–25 wt%. After a short de-gassing process the mixture was
poured into a pre-heated aluminium mould. The modified resins were pre-cured at
80�C for 4 h and post-cured at 120�C for 4 h. Cured samples were then cut and
ground for mechanical testing. The filled and unfilled matrix resins were charac-
terised extensively in terms of their thermal, rheological and mechanical proper-
ties. More details can be taken from a former published paper [7]. An overview of
the prepared nanocomposites as well as the corresponding thermo-mechanical
parameters is given in Tables 6.1 and 6.2.

6.3 Characterization of the Nanocomposites

6.3.1 Analysis of the Nanoparticle Distribution

It is well known that the degree of dispersion of nanoparticles in a polymer matrix
is a governing parameter which controls the final properties of the resulting
nanocomposites. Only an extremely homogeneous particle distribution with the
development of primary nanoparticles efficiently reinforces the polymer matrix.
Thus, the quality of the dispersions manufactured as a mixture of the silica master
batch, the neat epoxy resin, the anhydride hardener and accelerator are investi-
gated for a broad range of silica content. The liquid and solid states are analyzed
by means of photonen cross correlation spectroscopy (PCCS) and scanning elec-
tron microscopy (SEM), respectively. SEM images prove the homogeneous

Table 6.1 Thermal parameters of the prepared epoxy-silica nanocomposites

Sample SiO2

(wt%)
qa (g/
cm3)

DHb (J/
g)

Tg
b

(DSC)

(�C)
Tg

c
(DMA)

(�C)
HDTd

(�C)
aT\Tg

e

(10-6/K)
aT[Tg

e

(10-6/K)

NA-0 0 1.209 384 130.8 126.1 116.8 62.0 184.0
NA-5 5 1.235 369 132.3 127.5 118.3 58.4 180.3
NA-15 15 1.286 324 127.4 126.2 116.4 54.7 171.1
NA-25 25 1.340 280 127.9 122.6 112.5 45.8 158.9
a Specific gravity measured for the cured samples at 25�C
b Specific reaction enthalpy (DH) and glass transition temperature (Tg) determined by DSC
c Glass transition temperature (Tg) determined by DMA (tand)
d Heat distortion temperature determined as onset temperature from DMA curves
e Coefficient of thermal expansion (CTE) at various temperature ranges
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distribution of the spherical silica particles in the cured nanocomposite as well as
the absence of any major agglomeration of particles (see Fig. 6.1). The PCCS
demonstrates the very narrow and monomodal particle size distribution (2–50 nm)
with an average size of 16 nm in the liquid resin (Fig. 6.2). It is evident that a good
dispersion quality is retained in the nanocomposite from the liquid to the fully
cured state and that primary particles are obtained.

6.3.2 Rheological Properties

The viscosity and resin gel-time are key factors for FRP structures manufactured
by LCM. These factors determine the injectability of the resin and the fabric
wetting process. Therefore, the flow behaviour of the nanocomposites are

Fig. 6.1 SEM image of a nanocomposite based on silica and epoxy resin (25 wt% silica).
Surface prepared by cryoscopic fracture

Table 6.2 Mechanical parameters of the prepared epoxy-silica nanocomposites

Sample SiO2 Tension test Flexural test G1c
a K1c

a

(wt%) Et (MPa) rt (MPa) et (%) Ef (MPa) rf (MPa) (J/m2) (MPa m1/2)

NA-0 0 3359 88 3.26 3484 157 77 0.517
NA-5 5 3526 91 4.51 3607 160 137 0.713
NA-15 15 3978 95 5.10 4048 165 177 0.865
NA-25 25 4555 98 4.40 4525 171 196 0.957

a Fracture toughness parameters: G1c—critical energy release rate; K1c—critical stress intensity
factor
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investigated in a series of rheological experiments, increasing the filler content up
to 25 wt% silica at a typical injection temperature of 80�C for the neat epoxy resin
used. The limiting viscosity number for injection technology is normally in the
range of 500 mPa*s. The time required to reach that limit is defined as pot life
with respect to the injection technology used. The corresponding isothermal vis-
cosity curves are depicted in Fig. 6.3.

Increasing the filler content under the described conditions leads to a reduction
in pot life from 1.4 to 1 h. DSC measurements have shown that this is not due to
any catalytic effects [7]. It is likely that the observed reduction in gel-time can be
explained by a pure physiochemical effect. As the curing reaction progresses, long
polymer chains develop which interact extensively with the large surface of the
nanoparticles. This causes a disproportional increase in viscosity compared with
the reference resin. However, with regard to the filler content studied herein, the
reduction in pot life as well as the small increase of the initial viscosity are

Fig. 6.2 Differential and
integral particle size
distribution of 25 wt% silica
nanoparticles in an epoxy
resin determined by PCCS

Fig. 6.3 Dynamic viscosity
of epoxy-silica
nanocomposites as function
of process time and varying
silica contents (0–25 wt%).
Conditions: 80�C and
constant shear rate of 4 Hz.
Limiting viscosity number for
LCM is 0.5 Pa*s
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acceptable and are still in the range of processability for the LCM technique. The
injectability is retained in the modified resins.

6.3.3 Thermal Characterization by DMA and DSC

The heat distortion temperature (HDT) known as an important key driver for FRP
was investigated for epoxy-silica nanocomposites in an extended temperature
range measured by dynamic mechanical analysis (DMA). Here the HDT is defined
as the onset temperature taken form the storage modulus E’ by the tangent method.
The glass transition temperature was analysed by the loss factor (tand). The results
are summarized in Table 1 and are depicted in Fig. 6.4.

Obviously the DMA data reveal a high influence of the content of silica
nanoparticles on the stiffness (E’) of the modified epoxy resin at a temperature
below Tg, i.e. in the glassy state at about 20–100�C, while the modulus becomes
almost indendent of the silica content at the glass transition state (ca. 120�C).
Consequently the material properties in the glassy state are considerably deter-
mined by the nanoparticles. In the range of the glass transition a nanoparticle effect
is no more clearly detectable i.e. above the onset temperature E’ seems to be
predominantly determined by the pure matrix properties. On the other hand the
slightly reduced loss factors (tand), indicating a lower damping behaviour, suggest
an improved particle–matrix bonding [5] more discussed in Sect. 3.8. However, in
terms of the nearly constant values of HDT the silica nanoparticles examined here
do not enable an extension of the thermal field of applications.

Additionally, the glass transition temperature (Tg) was determined by DSC. The
values of Tg decrease slightly by 2% from 131 to 128�C by increasing the filler
content up to 25 wt% silica (Table 6.1). Obviously, the used silica nanoparticles
have only a slight influence on Tg even at high degrees of filling. Interestingly the
detected glass temperatures from the DSC show an amazingly good correlation
with those ones from the DMA measurements (low shift of tand). This also

Fig. 6.4 Storage modulus
and loss factor of the epoxy-
silica nanocomposites as a
function of temperature and
degree of silica filling
measured by DMA (tension
mode)
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demonstrates that an important parameter for designing or dimensioning of FRP is
approximately unchanged.

Recently, the reduction of Tg by nanoscaled silica was also reported by other
authors, but they identified a more extensive decrease of Tg [8, 9]. Mostly the
effects are attributed to a reduction of crosslinking density in the polymer matrix,
i.e. the chemical and physical structure of the network is significantly affected by
the presence of silica nanoparticles, e.g. by the preferential adsorption of curing
agent and/or low molecular weight oligomers. It is assumed in literature that the
particles are surrounded by a softer polymer shell and that the strength of the
polymer matrix increases with increasing distance from the surface [10]. Such
interphase layers between the nanoparticles and the matrix have properties dif-
fering from those of the main matrix. However, the development of a heteroge-
neous network by the silica nanoparticles examined in this study seems
considerably less significant. Another reason might be that the epoxy resin in the
master batch is not absolutely identical with the epoxy resin used for the thinning
process. Differences in the average molecular weight of the pre-polymer DGEBA
also induce lower Tg. Therefore it has to be concluded that the presence of silica
nanoparticles increases the modulus dramatically whereas the glass transition
temperature is only small affected. However the mechanisms are unknown and
have to be identified by a detailed analysis of the polymer-particle interfaces.

6.3.4 Quantitation of Resin Shrinkage

Epoxy resins tend to build-up residual stresses induced by resin shrinkage in FRP
structures [11]. Generally, high stress levels reduce the performance of FRP and
should be prevented. Nanoparticles as fillers might play an important role in the
reduction of resin shrinkage. Therefore the overall volume of shrinkage was

Fig. 6.5 Overall volume
shrinkage of epoxy-silica
nanocomposites at RT as a
function of silica content
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determined with density measurements. Figure 6.5 shows the effect of silica
nanoparticles on the course of resin shrinkage. Interestingly, the shrinkage can be
reduced by approx. 50% depending on the nanoparticle content. Both the substi-
tution of resin with non-shrinkable nanoparticles and the less exothermic character
of the curing process (Table 6.1) might lead to lower shrinkage stress and internal
mechanical stress in the composite which improves the suitability of the FRP (e.g.
higher tolerance to damage). It should be pointed out that silica nanoparticles also
decrease the coefficient of thermal expansion (CTE) as shown below and improve
thermal conductivity of the polymer matrix [7]. Both parameters also affect the
shrinkage process.

6.3.5 Determination of Coefficients of Thermal Expansion

Using thermo-mechanical analysis (TMA), the linear coefficients of thermal
expansion were determined dilatometrically for temperature ranges both below
and above Tg. The results are presented in Fig. 6.6 and summarized in Table 6.1.
Depending on silica content and the temperature range, a significant depression in
the a-value of up to 30% is observed (form 62.0 to 45.8 9 10-6/K). This effect can
be attributed to the considerably smaller CTE of the silica nanoparticles (a = 0.5–
0.9 9 10-6/K [12]) in comparison to the significantly higher CTE of neat polymer
matrix (a40–90�C = 62.0 9 10-6/K). Moreover, the CTE might be also affected by
the degree of strong interfacial properties of the nanoparticles with the epoxy resin
as reported in [5]. Therefore, we can expect by the decreased CTE that resin
shrinkage is reduced and the thermal stress in the composite will be smaller.

Fig. 6.6 Linear coefficient of
thermal expansion (CTE) for
epoxy-silica nanocomposites
as a function of the
temperature range and the
degree of filling (standard
deviation of CTE below 5%)

76 T. Mahrholz and M. Sinapius



Fig. 6.7 Relative
improvements of mechanical
parameters for epoxy-silica
nanocomposites in relation to
the neat epoxy resin and as a
function of various degrees of
silica filling (G1c: +155% and
K1c: +85%; both here not
listed)

Fig. 6.8 Tensile properties
of epoxy-silica
nanocomposites as a function
of the silica filler content

Fig. 6.9 Flexural properties
of epoxy-silica
nanocomposites as a function
of the silica filler content
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6.3.6 Static Mechanical Characterization

The improvements of the mechanical parameters of the epoxy resin by adding
silica nanoparticles were investigated systematically. The absolute values are
summarized in Table 6.2. The relative improvements of the mechanical properties
of the nanocomposites as well as the course of absolute values for tensile, flexural
and fracture toughness tests are depicted in Figs. 6.7, 6.8, 6.9, and 6.10.

The linear increase in stiffness and strength of the nanocomposites as the silica
content increases is clearly distinguishable. The tensile modulus is increased by
36% and the flexural modulus by 30% at a silica content of 25 wt%. The tensile
strength (ultimate) and flexural strength are increased by 11 and 9%, respectively.
Interestingly, the toughness properties are also increased simultaneously as indi-
cated by comparing the course of lines in Figs. 6.8, 6.9, and 6.10. The fracture
toughness was determined by measuring the critical energy release rate (G1c) and
the critical stress intensity factor (K1c) using compact tension test samples (CT).
Both values quantify the fracture resistance at the process of crack propagation.
Obviously the G1c and K1c values are improved systematically with an increased
concentration of silica nanoparticles compared with the neat resin, about 155% for
G1c and 85% for K1c. The remarkable toughening effect is also underlined by the
course of the strain at break (e (0% SiO2) = 3.26%; e (15% SiO2) = 5.10%) and
the impact strength published in [7]. The reasons for this toughness behaviour are
discussed in detail in the following chapter having a closer look at the fracture
topology given by SEM und AFM images.

Furthermore, it is evident that the mechanical parameters investigated here show
no maximum for the curves, which means that the mechanical maximum for this
material has not been reached yet and the optimum in therms of the silica content
may not yet has been adjusted. On the other hand the matrix starts to become
silgthly brittle above 15 wt% silica considering the strain at break. However, this
small negative effect is more than compensated by the significant increase in the
stiffness, strength and toughness such that the current optimum for the

Fig. 6.10 Facture toughness
parameters of epoxy-silica
nanocomposites as function
of the degree of silica filling
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nanocomposite was limited to a filler content of 25 wt% silica. A further increase in
the concentration of nanoparticles results in more manufacturing problems, e.g. in
reduction of pot life. The slight increase in matrix density is not addressed here
because it does not interfere with the lightweight construction aspect.

In this way, the strength, stiffness and toughness of the polymer matrix can be
improved simultaneously by using these hard, surface functionalized silica nano-
particles i.e. the stiffness-toughness paradox seems to be solved. This effect has
already been observed with some other nanoparticle systems [13] and might be
attributed to a good particle–matrix interaction. A comparable improvement of

Fig. 6.11 SEM micrographs at various magnifications for the tensile fractured surface of (a,
b) the neat epoxy resin and (c–e) the epoxy-silica nanocomposites filled with 25 wt% silica.
Arrows indicate different fracture effects: (A) shear banding/shear lips, (B) formation of cavities,
(C) de-bonding
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resin performance using micro-scaled fillers cannot be achieved, especially due to
the much more marked brittleness effects and the reduced injectability of the resin.

6.3.7 Identification of Failure Mechanisms by Analysing
the Fracture Surface Topology

The failure mechanism of the nanocomposites is qualitatively evaluated by SEM
analysis on tensile fractured surfaces. Figure 6.11 shows SEM micrographs of the
neat resin and the corresponding nanocomposite with 25 wt% silica at various
magnifications.

The SEM micrograph of the neat resin shows a fracture surface at a low
magnification (10009) with river markings indicating the direction of crack
propagation and rather smooth areas in between. Especially, the formation of
smooth surfaces indicates the brittle behaviour of the matrix which is typical for
epoxy resins. The corresponding theory of postulated failure mechanisms are
summarized in the literature [14]. In contrast, the nanocomposites show a more
detailed structured surface with many parabolic slices. The density of these slices
also increases with increasing nanoparticle content. Although the nanoparticles are
mostly homogeneously dispersed, it is assumed that the formation of slices is
induced by areas with accumulated nanoparticles causing local centres of high
stresses [15].

Moreover, the average roughness values (Ra) of the fracture surface was
quantified by AFM measurements in the contact mode. Rastering of a 10 9 10 lm
fracture areas reveals higher Ra values for the nanocomposite (189.5 nm) than for
the neat resin (48.3 nm). Figure 6.12 illustrates the different topographic profiles
of the investigated samples. Obviously nanoparticles generate greater fracture
areas through the development of rougher surfaces, which allows them to resist
crack propagation. In consequence, the fracture energy is effectively dissipated as
illustrated by the increased values of fracture toughness (G1c; K1c) as well as strain
at break (Fig. 6.10 and Table 6.2). This leads to the conclusion that the addition of
nanoparticles to the polymer matrix significantly affects the roughness of fracture
surface and, in consequence, the balance between tough and brittle behaviour of
the matrix.

The higher magnification of SEM micrographs (100,000 9) reveals the for-
mation of primary nanoparticles covered by a thin polymer shell (interlayer phase).
The core–shell structure is confirmed by the large particle diameter of 50 nm
compared to the average nanoparticle diameter of 16 nm measured with PCCS.
Obviously these nanoparticles generate highly efficient particle–matrix interac-
tions which is also confirmed by the observed low degree of de-bonding and pull-
out effects. Accordingly the nanoparticles are well embedded in the polymer
matrix and the fracture behaviour is dominated by cohesive crack propagation in
the surrounding matrix. As is reported in literature, the extension of the interphase
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is proportional to the particle size [16] and is proposed to be in the range of 2–
50 nm [18]. Therefore it might be expected that high degrees of filling (low
interparticle distance) lead to an intersection of the particle interlayers creating the
development of a strong polymer network (the bulk polymer becomes an interlayer
polymer). This interpretation corresponds fairly well with the increase of stiffness

Fig. 6.12 AFM topographic profiles of the tensile fracture surface of a the neat epoxy resin and
b the corresponding epoxy-silica nanocomposites with 25 wt% silica
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and strength as well as the improved toughening effect created with an increased
silica content (Table 6.2). The influence on Tg is unexpected small.

It is noteworthy that the failure mechanism seems to be a superposition of
various effects. The SEM micrographs suggest shear banding and crack deflection
(see arrows in Fig. 6.11). In addition particle–matrix de-bonding (voiding) and
pull-out effects of particles are indicated although to a lesser extent. A more
detailed interpretation of the failure mechanism is not in the scope of this paper.
The influence of the interphase on the mechanical characteristics of the nano-
composite and a detailed analysis of the failure mechanism will be the focus of
future research.

6.4 Conclusion

The paper presents the results of the investigation of epoxy-silica nanocomposites
as a new type of matrix for manufacturing fiber-reinforced polymers (FRP) using
injection technology (LCM). The stiffness, strength, and toughness of the com-
posite can be significantly increased depending on the silica content compared
with neat resin. These results correlate very well with the fracture surface analysis
performed by means of SEM and AFM. The functionalized silica nanoparticles
initiate highly profiled fracture surfaces which indicate better energy dissipation
and results in increased matrix toughness. The development of core–shell struc-
tures (strong particle–matrix bonding) indicates the efficiency with which the
nanoparticles are embedded in the matrix. The effective embedding might be
responsible for the high levels of stiffness and strength. Moreover, the resin
shrinkage and the thermal expansion coefficient are significantly reduced and the
thermal conductivity increased. Therefore silica nanoparticles might entail lower
shrinkage stress and also internal mechanical stress in the FRP which will extend
their applicability, e.g. towards higher damage tolerance. Interestingly the silica
nanoparticles seem to have slight influence on the glass transition temperature
confirmed by DSC and DMA respectively. Moreover an optimum particle content
of 25 wt% silica for the tested epoxy resin was identified also maintaining the
injectability of these doped resins for their application in LCM processes. All in all
epoxy-silica nanocomposites seem to be a new class of high performance polymer
matrices for the manufacturing of FRP structures by low cost LCM techniques.
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Chapter 7
Carbon Nanotube Actuation

Steffen Opitz, Sebastian Geier, Johannes Riemenschneider,
Hans Peter Monner and Michael Sinapius

Abstract The outstanding electrical and mechanical properties of single carbon
nanotubes (CNT) are the motivation for an intensive research in various fields of
application. The actuation effect constitutes the foundation for any application as a
multifunctional material and within the field of adaptronics. The effect is in the
majority of cases investigated by a CNT configuration of stochastically aligned
CNT, so-called bucky-paper, in an electrolytic environment. The chapter presents an
analytical model for a detailed understanding and investigation of the actuation
process. The complete description and parameterization of the model is documented.
Initial results from experiments with aligned CNT structures and the application of
solid electrolytes are presented.

7.1 Introduction

Carbon nanotubes were discovered in 1991 by Iijima [1]. Their excellent electrical and
mechanical properties in combination with the actuating effect which was first
observed by Baughman et al. in 1999 [2] are the reason why carbon nanotubes are
considered to be the actuating material of the future. There are different ways to
analyze the actuation. One setup to detect the effect is a bimorph bender [3, 4]. The
large deflection which can be achieved is a major advantage of this setup. A significant
disadvantage is the unknown influence of the passive structure. Because of this it is not
possible to gain reliable data about the actuating effect itself. The bending actuator
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setup is rather suitable to build up demonstrators than to obtain more information about
the effect. An alternative attempt is to detect the strain of the bucky-paper directly
[2, 5–11]. As a result the deflections are smaller but there is no disturbing influence of a
passive structure. Hence the deflections are a direct consequence of the actuating
effect. The investigation of the in-plain actuation effect enables the validation of
analytical descriptions of the actuation effect. The chapter presents an analytical
model, its experimental validation and initial results with solid electrolytes.

7.2 The Actuation Phenomenon of CNT

Today’s standard configuration of Carbon Nanotube Actuators (CNA) is based on
bucky-papers of CNT, which are extracted from aqueous CNT dispersion via
vacuum filtration [12]. This structure provides the possibility to examine the effect
of actuation but as the single carbon nanotubes are only connected by weak Van-
der-Waals forces, this arrangement cannot benefit from the high elastic modulus of
single carbon nanotubes. For actuation purpose the bucky-paper is put into an
electrolyte being either liquid or solid. The bucky-paper as well as the electrolyte
is conductive, although they differ in the mechanism of conduction. While the
bucky-paper is electronically conducting the electrolyte is an ionic conductor.
If the solid bucky-paper is brought in contact with the liquid electrolyte a charged
phase interface is established (Fig. 7.1). Any excess charge on the electronic
conductor is balanced by an ionic charge of equal magnitude and opposite sign
on the solution side of the interface. This charge distribution is called the elec-
trochemical double layer and causes the capacitive behavior of the system [13].

Fig. 7.1 Electrochemical double layer
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7.3 An Analytical Model for the Actuation Mechanism

The analytical model of a CNA is based on energy considerations. In the lower
frequency range terms of kinetic energy may be disregarded. Then, the energy
function is governed by the storage of potential energy in the mechanical as well as
in the electrical system

ECNA ¼
Q2

2� C
� Ue � Qþ j� S2

2
� Fe � S ð7:1Þ

where Q is the charge and S the elastic deformation of the CNT actuator. Ue is the
external voltage and Fe is the external force, both being responsible for the work
applied to the CNT. C is the system capacity and j the stiffness. The latter is
determined by the macroscopic CNT structure including its material property and
its geometry. The disregard of a contribution of kinetic energy is based on the fact
that the bucky-paper has a very small mass and that the velocities which have
quadratic influence to the kinetic energy are low. Furthermore the system dissi-
pates energy, mechanically as well as electrically. The energy dissipation may be
expressed by a force and voltage, respectively which are related to the deformation
velocity _S in the sense of viscous damping and the current _Q.

_S ¼ �c� F

_Q ¼ �r� U
ð7:2Þ

Within this formulation the parameter c is the inverse damping parameter and r is
the electrical conductivity. Equations (7.1) and (7.2), constitute the fundamentals
of the system. The variation of the total energy (Eq. 7.1) leads to the force and the
voltage outside the equilibrium.

dECNA

dS
¼ F ¼ �Fe þ j� Sþ Q2

2
d

dS
C�1 ð7:3Þ

dECNA

dQ
¼ U ¼ �Ue þ

Q

C
ð7:4Þ

Because of the stochastically alignment of the single CNTs the bucky-paper has a
quasi-isotropic material behavior. Thus a coupling between charge and displace-
ment is not an option. An electro-mechanical coupling through Coulomb-forces is
plausible. Due to this fact the last term in Eq. (7.3) respects those Coulomb-forces.
The linearized dependency of this term of the mechanical system is:

C�1 ¼ C�1
0 � a� S ð7:5Þ

where a is the coupling coefficient. This linear approach simplifies the dissipating
forces of Eq. (7.3).
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F ¼ �Fe þ j� S� Q2

2
� a ð7:6Þ

U ¼ �Ue þ
Q

C0
� a� Q� S ð7:7Þ

Incorporating those expressions into Eq. (7.2) yields:

_S ¼ �c j� S� Fe �
Q2

2
� a

� �

_Q ¼ �r
Q

C0
� a� Q� S� Ue

� � ð7:8Þ

These differential equations describe the actuation of CNTs in an electrolytic
environment. The actuation is determined by five parameters

1. stiffness j
2. damping parameter c
3. capacity C0

4. resistance R
5. Coulomb-coupling parameter a

which have to be determined experimentally.

7.4 Experimental Setup

The setup consists of a three-electrode measuring cell [14]. Within this cell the
rectangular bucky-paper specimen is utilized as the working electrode. Because of
the good electrical conductivity of the material the counter electrode can be build
up the same way. The reference electrode is formed by a saturated Calomel
electrode (Hg/Hg2Cl2, KCl (sat’d)).

These electrodes are driven by a potentiostat which controls the voltage drop
between reference electrode and working electrode by adjusting the current
between the counter electrode and the working electrode. An aqueous unimolar
NaCl electrolyte solution was used for the experiments. During the measurement
the electrodes are immersed into the NaCl solution. The electrolyte provides the
mobile ions which are necessary for the actuating effect [15]. The bucky-paper
specimen is clamped at the upper and lower end (Fig. 7.2), whereas the lower
clamp incorporates the electrical contacting. This clamp is fixed. The upper clamp
is used to apply a constant pre-stress. This is needed to avoid bending of the
specimen. The elongation in in-plain direction of the bucky-paper due to the
actuating effect can be measured by detecting the displacement of the upper clamp.
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7.5 Parameterization

In a first step of system identification mechanism the coupling between mechanical
and electrical system is disregarded, i.e. a = 0, leading to two separate differential
equations of first order.

_S ¼ �c j� S� Feð Þ
_Q ¼ �r Q

C0
� Ue

� � ð7:9Þ

These equations can also be written as:

1
c � _Sþ j� S ¼ Fe

1
r� _Qþ Q

C0
¼ R� I þ Q

C0
¼ Ue ð7:10Þ

The first expression characterizing the mechanical system constitutes the dif-
ferential equation of forces for a parallel arrangement of a stiffness j and a

damping element 1=c: The second differential equation of Eq. (7.10) is obtained by

applying Kirchhoff’s voltage law to a series circuit of a resistance R and a capacity
C0 (RC-element). Since the force is constant the influence of the mechanical
system to the electrical system can be disregarded under the condition that only
frequencies above 0 Hz are analyzed.

7.6 Electrical System

An impedance spectroscopy is performed in order to identify the electrical
parameters. A voltage sweep signal from f = 0.02 to 5 Hz with an amplitude of
0.25 V and an offset of 0.38 V is used for stimulation. The response of the current
is recorded and the frequency response of the admittance is determined.

According to Eq. (7.10) the frequency response approximated by the model can
be calculated as follows.

Fig. 7.2 Test setup; A string
for pre-stress; B counter
electrode; C beaker with
electrolyte; D laser-
triangulator; E reference
electrode; F bucky-paper
specimen
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R� I þ 1
C �

R
I dt ¼ U

Rþ 1
jx�C

� �
� I ¼ U

Y ¼ IðjxÞ
UðjxÞ ¼ 1

Rþ 1
jx�C
¼ C�jx

RC�jxþ1

ð7:11Þ

Figure 7.3 compares the measured and calculated admittance. The logarithmic
scaling of the axes provides the possibility to split the amplitude response of the
admittance into two sections. For higher frequencies the capacitive behavior of the
electrolytic double layer at the phase interface between solid electrode and elec-
trolyte is negligible. Hence the amplitude response reaches a constant value which
corresponds to the conductance of the system. The parameter of interest R is the
inverse of this constant value. The ohmic behaviour of the system can also be seen
in the phase response which approaches 0� (Fig. 7.3). In the range of low fre-
quencies the systems characteristic is dominated by the capacity of the double
layer. The amplitude response converges to a straight line with constant slope. The
influence of the double layer on the phase response is visible through a constant
value differing from 90�. The capacity of the system can be determined via the
barrier frequency xb and the already known resistance R.

xb ¼
1

R� C
ð7:12Þ

For low frequencies the frequency response of the series connection of a
resistance and a capacity is characterized by a constant slope of 20 dB/decade for

Fig. 7.3 Adapted frequency
response of the admittance
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the amplitude and by a phase angle converging to 90�. This differs slightly from
the measured characteristic of the system. Looking at the recorded responses of
amplitude and phase it can be noticed that the constant slope is smaller than 20 dB/
decade and that the phase converges to a value lower than 90�. Nevertheless, the
model incorporating the RC-circuit is capable to describe the behavior of the
electrical system [14]. The observed deviations can be considered by a modifi-
cation of the model. The capacity used to represent the electrical properties of the
electrochemical double layer postulates an ideal plane electrode surface [16]. The
real surface of the bucky-paper is rather porous. To activate the capacity deep
inside the pores the ions have to transcend an additional electric resistance caused
by the limited conductivity of the electrolyte in the pores [17]. A branched ladder
network can characterize the electrochemical double layer even better than a
simple RC-circuit [18, 19]. The frequency range extends as the number of parallel
branches increases. This improvement is associated with an increase of the number
of parameters which have to be determined. Fortunately there is an empirical
observation that helps to decrease the number of parameters: the double layer
capacity is proportional to R-n [16]. The porous surface of the electrode can be
modeled by a constant phase angle element (CPE) [18]. The impedance of such an
element can be described using a fractional derivative. In the frequency domain the
electrochemical double layer can be modeled using Eq. (7.13).

ZCPE ¼
1

j� xð Þn�K
¼ RCPEðxÞ þ j� XCPEðxÞ ð7:13Þ

The developed model of the electrical system can be modified replacing the
capacity by the constant phase element.

Next, the mechanical system and the actuating effect have to be examined to
complete the description of the system. Furthermore the applicability of the model
to the existing test setup has to be validated. The workspace of an electrolytic
bucky-paper actuator lies within the electrochemical stability window
ðUmin\U\UmaxÞ and can be divided into three regions depending on the potential
which is applied [20].

The bucky-paper shows different electromechanical behavior within these
regions. All experiments are made in regions II and III for the parameter identi-
fication. The excitation voltage is chosen above the voltage of minimum strain U0:

7.7 Mechanical System

The stiffness j and the damping parameter c are the characteristic mechanical
parameters of the system. Especially the stiffness of the system is directly deter-
mined by material properties of the bucky-paper. The material characteristics may
change with the frequency due of the microscopic structure, which is characterized
by stochastically aligned CNTs (Fig. 7.4).
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On the other hand the frequency range of interest is small (0–5 Hz) due to the
appropriate working frequency of an electrolytic actuator. That is why it has to be
verified whether the behavior of the mechanical system can be described with
constant parameters or not. Additionally the influence of the pre-stress and the
electrolyte to the specimen is examined. The stiffness is identified by an appro-
priate test-setup depicted in Fig. 7.5.

Dynamic tension tests are realized to determine the elastic modulus at different
frequencies f and initial tensions r0. A dynamic load is applied to the bucky-paper
(A) via an piezoelectric actuator (F). The generated force and resulting strain are
measured by sensors (E, C). To examine the influence of the electrolyte the bucky-
paper is wetted with a unimolar NaCl electrolyte. A voltage sweep applied on the
piezoelectric actuator is used for the excitation of the system. The arising force and
the displacement are measured simultaneously. Since the dimensions of the
specimen are known, the Youngs modulus E of the material can be determined.
Figure 7.6 shows the results of the investigation.

The results clearly show that the frequency does not have a big effect to the
elastic modulus. Also the influence of the electrolyte is small. In contrast the pre-
stress has an intense influence to the Youngs modulus. The higher the initial
tension r0 the bigger is the elastic modulus E.

With the knowledge of the elastic modulus E and the dimensions of the specimen
(width W, thickness T, length L) the stiffness parameter j can be calculated.

j ¼ E �W � T

L
ð7:14Þ

The second mechanical parameter of the system characterizes the energy dis-
sipation through damping. There are several sources for damping in the test-setup,
whereas the system stiffness is dominantly determined by the material properties of
the bucky-paper. Hence the damping of the complete system cannot be estimated
by the loss modulus of the bucky-paper. As a consequence the damping parameter

Fig. 7.4 REM picture of
microscopic structure of
bucky-paper
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c has to be determined using the complete setup. Ideally c should be quantified
from the frequency response function of the dynamic compliance which is
described by the differential equation of the model.

1
c
� _Sþ jS ¼ Fact þ Fe ð7:15Þ

Fig. 7.5 Test setup for
stiffness identification;
A bucky-paper specimen;
B steel frame; C laser-
triangulator; D fixture;
E force sensor;
F piezoelectric actuator

Fig. 7.6 Influence on the
Youngs modulus
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Since only relative displacements are analyzed, the constant external force Fe

can be disregarded. The displacement S and the actuation force Fact which causes
the displacement have to be measured. The actuation force cannot be measured
while the measurement of the displacement is directly possible. Using the
knowledge of the electrical system and the model, the actuation force can be
estimated from the charge signal which is obtained by integrating the current.

Fact ¼
a
2
� Q2 ð7:16Þ

This equation postulates that the Coulomb-effect is the only actuating effect.
The reason for this attempt is the observed actuation of the system. The value of
the coupling parameter a must be known. The next section elucidates how this
parameter can be determined and gives detailed information about the actuating
effect. The velocity signal is required for calculating c: The signals are transformed
into the frequency domain, yielding a frequency- dependent damping coefficient

cðjxÞ ¼ jx� SðjxÞj j
FactðjxÞ � j� SðjxÞj j ð7:17Þ

There is no phase shift between velocity and damping force, as long as c is
defined as the parameter of a viscous damping. In consequence, the absolute values
of force and velocity are taken for calculating c:

7.8 Coupling Mechanism

The effect which links the mechanical and the electrical system is supposed to be
caused by Coulomb-forces. These forces remain active in the system equilibrium.
Due to the quadratic relationship between charge Q and Coulomb-force Fact this
effect generates positive strains only. Since all former investigations showed that
the effect does not disappear when the system approaches to the equilibrium state,
the Coulomb-effect is identified as dominant [14, 20]. This assumption is con-
firmed by the parabolic characteristic of the static potential-strain curve (Fig. 7.7).
Also the consideration of possible strains via Hartree–Fock-calculations shows that
the Coulomb-effect dominates the strain generation [15]. In consequence the
parameter a is determined to describe the actuation. Therefore the balance of
forces in the static state is used. In the stationary state all damping forces disap-
pear. Hence the Coulomb-forces are in equilibrium with the elastic forces of the
bucky-paper which simplifies Eq. (7.15) to:

jS ¼ Q2

2
� a ð7:18Þ

The elastic forces can be calculated using the previously determined Youngs
modulus and the measured displacement. The charge signal is needed in order to
specify the value of a: Since a direct measurement of the charge is not possible,
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the signal has to be calculated via integration of the current signal. The squared
charge signal and the displacement signal are transformed into the frequency
domain and the frequency spectrum of a can be determined by:

aðjxÞ ¼ 2� j� SðjxÞ
Q2ðjxÞ ð7:19Þ

Experimentally the system is stimulated by a voltage-sweep from f = 0.02 to
5 Hz with an amplitude of Û ¼ 0:25 V and an offset of Uoff = 0.45 V.

Figure 7.8 shows the calculated amplitude and the phase response of a. In the
low frequency range there is no phase shift between squared charge signal and
displacement. Postulating that the Coulomb-force is directly proportional to the
squared charges this means that there is also no phase shift between force and
strain. The value is determined from the low frequency range since damping forces
are negligible small there. a is determined via this method to a ¼ 21 N

C2 :

Fig. 7.7 Workspace of the
carbon nanotube actuator

Fig. 7.8 Calculated
frequency response of the
coupling parameter a
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7.9 Validation of the Model

All system parameters, i.e. stiffness j; damping parameter c; capacity C0; resistance
R; and Coulomb-coupling parameter a are now available for a simulation of the
actuation effect of a bucky-paper consisting of Carbon Nanotubes. The model has to
be validated. Thus, the measured responses of the real system, the original model and
the model incorporating the constant phase element (CPE) to different excitations
will be compared. To facilitate the calculation some simplifications can be made. The
order of magnitude of the voltages which are generated through the inverse effect can
be estimated. This voltage ranges within some lV. Therefore the reaction from the
mechanical system to the electrical system can be disregarded ðaQS ¼ UeÞ: Two
differential equations of first order are obtained which are only coupled in one
direction.

1
c
� _Sþ j� S ¼ Fe þ

Q2

2
� a

R� _Qþ Q

C0
¼ Ue

R� I þ 1
C0

Z
I dt ¼ Ue

ð7:20Þ

The constant external force Fe can be disregarded. The mechanical system can
be described consistently by the frequency response function of the dynamic
compliance since the mechanical model has not to be changed.

SðjxÞ
FactðjxÞ

¼ 1

jþ 1
c jx

ð7:21Þ

The parameter identification reveals that a constant phase angle element can
approximate the properties of the electrochemical double layer better than a simple
capacity. Hence the model is extended and the modification is validated. The
replacement of the impedance of the capacity by the impedance of a constant
phase angle element results in the frequency response function of the modified
model.

Rþ 1
ðjxÞn � K

� �
� IðjxÞ ¼ UðjxÞ

YmodðjxÞ ¼
IðjxÞ
UðjxÞ ¼

K � ðjxÞn

R� K � ðjxÞn þ 1

ð7:22Þ

The modified response function YmodðjxÞ transfers into the original model if
n ¼ 1 with the condition that the values of the capacity C and the parameter of the
CPE K are identical. As a result the modified model can be used for both calcu-
lations regarding the value of the parameter n:
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The simulation is performed in the frequency domain, although the response of
the system in the time domain is of interest. The following calculation sequence is
used for the simulation of the system.

1. The signal of the exciting voltage is specified in the time domain where it can
easily be adapted to the exciting signal of the experiment. Adjacent the signal is
transformed into the frequency domain via Fourier transformation.

2. The obtained spectrum of the input voltage is multiplied with the frequency
response function of the admittance resulting in the spectrum of the current.

3. The response of the electrical system is transformed into the time domain via
inverse Fourier transformation in order to facilitate the comparison with the
measured data of the current.

4. The charge signal is needed for the calculation of the actuation force which
stimulates the mechanical system. Since a measurement of the charge is
impossible, the characteristic is determined via integration of the current.

5. The charge signal is squared and multiplied with 0:5 a in order to obtain the
exciting force.

6. The frequency spectrum of the force is multiplied with the frequency response
function of the dynamic compliance yielding the displacement response which
is consecutively transformed into the time domain.

7. The swelling of the bucky-paper in aqueous environment enforces the mea-
surement of the relative displacement [20]. As a consequence the minimum of
both, the measured and the calculated signal is set to zero.

Different types and frequencies of actuation signals are used in order to evaluate
the quality of the simulation. Sine, square wave and ramp are used as periodic
stimulation. Additionally, a sweep signal from f = 0.01 to 5 Hz is utilized to
excite the CNA. Exemplary time responses are presented here. A cyclic voltam-
metry is a convenient and common procedure in order to get a general idea of the
system behavior in the complete workspace of the actuator [2, 20, 21]. Hence the
input signal for the cyclic voltammetry (a slow ascending and descending ramp) is
used to check the developed model. Figure 7.9 depicts the time responses of the
electrical and the mechanical system to the excitation with a frequency of
f = 0.01 Hz, an amplitude of Upp = 1 V and an offset of Uoff = 0.05 V.

The model using the constant phase angle element provides a better approxi-
mation of the produced strains. Especially in the second half of the period the
improvement is evident. The modification of the model by a CPE shows the biggest
effect in the range of low frequencies of the admittance. Increasing the frequency is
linked to a decrease of the amplitudes of the displacement caused by the inertia of
the system. The best fit can be found in the range of ‘low’ signal frequencies. This
trend is also identifiable looking at the other types of analyzed signals.

Generally the current response of the modified model has less deviation from
the measurement than the response of the original model. The superior approxi-
mation of the properties of the electrochemical double layer by a constant phase
angle element is evident in the range of low signal frequencies. For the examined
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test signals both models can describe the behavior of the electrical system with
average deviations of less than 10%.

The sweep signal can be used to excite the system within a well-defined fre-
quency range and is suitable for a measurement with continuously varying fre-
quency. Consequently the complete frequency range for the actuation of the
bucky-paper specimen can be covered with a single measurement. Figure 7.10
shows the time domain responses to the sweep excitation.

Obviously the modified model using the CPE improves the amplitude response
in the whole frequency range. The modified model reduces the relative deviations
in the range from f = 0.3 to 1 Hz by up to almost 20%. The working frequency of
the electrolytic actuator is below f = 2 Hz. Within this range the relative devia-
tions of the frequency response are less than 10%.

Fig. 7.9 Cyclic voltammetry f = 0.01 Hz
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7.10 Solid Electrolytes for CNT Based Actuators

A prerequisite for structural integration within a real application is a CNT-based
actuator that is of solid state. Most of the already presented work refers to two-
dimensional paper like CNT-architectures containing randomly oriented CNTs,
called bucky-papers. The experiments described so far take place within liquid
electrolytes. Even though this is not an option for real applications this experimental
approach is helpful getting a fundamental understanding of the actuation mecha-
nisms themselves.

This experimental case was investigated by several publications [22], focusing
on the experimental actuator-characterization [6, 20] and the modeling of such a

Fig. 7.10 Response of the system to a sweep excitation f = 0–5 Hz
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system [18]. In addition to intensive research, done on this topic, there is the need
to insert an actuator into a smart system. A possible solution is the incorporation of
solid electrolytes to form a hybrid actuator of electrolyte and CNT-structure. But
there are just a few publications about their use so far [23, 24]. Among those most
apply NAFION or FUMION as electrolyte. The use of such electrolytes has to be
handled with care. Two aspects must be considered: only the use of an accurate
test set-up, like it is the out-of-plain test rig [25], can compensate secondary
deflection causing effects like mass transfer along the field lines within an electric
field [26, 27] or thermal degradation. The second remarkable effect is based on the
active behaviour of polymers themselves. It can be shown that thin sheets of
Nafion show significant active strain using voltages up to ±2 V [28].

Therefore accurate measurements are needed to analyze the active potential of
the individual components. With this knowledge it is possible to make statements
about their contribution to the global measured free stroke of the hybrid actuator.

7.11 Specimen Processing and Experimental Setup

Within the presented work three different CNT-based materials are used and pro-
cessed as CNT-based electrode for hybrid actuators. On the one hand 2-dimensonal
paper-like architectures of randomly oriented CNTs are manufactured by commer-
cially available CNT-powder. The used multi-walled CNTs are provided by Bayer
(Baytubes CP 105P) and single-walled CNTs are purchased from Thomas Swan
(Elicarb PR0925). The papers are processed within a multistep high-pressure filtration
process. On the other hand vertically aligned multi-walled CNTs [29] provided by the
group of Schulte (TU Hamburg-Harburg) are investigated. These CNT-arrays are
grown by chemical-vapor-deposition (CVD). Due to the processing time the CNT-
array heights differ from 300 to 500 lm with CNT diameters of 20–50nm (Fig. 7.11)

The solid electrolyte, NAFION D2021 is provided by DuPont in the liquid state.
Using NAFION as coating material for CNT architectures revels that shrinkage is

often critical for weak bucky-papers and for the alignment of CNT-arrays. Therefore
thin sheets of NAFION are manufactured at first using air-brush technology.
Afterwards the CNT-electrode and the NAFION-membrane are bonded to each other
using liquid NAFION as adhesive. A post-experimental compression and storage
under high humidity atmosphere is necessary for reproducible measurements.

The experiments for analyzing the active free strain of hybrid actuators and
NAFION-sheets take place in an out-of-plain set-up (Fig. 7.12). The active
material is clamped between two copper electrodes. The upper electrode has a
small hole used for an optical device (MircoEpsilon Opto NCDT 2400-0.08) to
measure directly the free stroke of the Au-coated surface of the active material.
The used measurement chain is analogue to the test set-up used for analyzing the
liquid electrolyte apart from the connected reference electrode and counter elec-
trode. The reason therefore is the lack of space for positioning a reference elec-
trode within the thin polymer film (less than 30 lm).
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7.12 Initial Test Results with Solid Electrolytes for CNA

Actuators of all material combinations can be successfully manufactured and tested.
Nevertheless the shrinkage of NAFION due to its time-dependent water loss is
crucial for the mostly weak CNT-based architectures like CNT-papers. Especially
the bucky-papers containing single-walled CNTs are very weak. Most of these
coated architectures are broken into small pieces due to their low internal stability.
The number of tested samples is too small for making reliable statements. In contrast
the multi-walled CNT based bucky-papers turn out to be more durable. An additional
drawback is their water dependent reproducible active performance (Fig. 7.13).

Even the former highly vertically aligned CNT-arrays are afterwards disordered
(Fig. 7.14). Two measures are necessary to profit from the more efficient strain
generation of the aligned CNTs. The first is the increase of the CNT concentration
within the actuator volume. The second is the increase of the stiffness of the
architecture built up by the CNTs.

Beside the affected CNT-alignment after NAFION coating the manufactured
hybrids also suffer from structural instability. During the drying the NAFION
coating causes cracks and uneven surfaces. Therefor measurements become dif-
ficult with less reliable results. A solution for a more appropriate preparation of
aligned CNTs in order to preserve their alignment during coating would be the

Fig. 7.11 Vertically aligned multi-walled CNTs called arrays

Fig. 7.12 Out-of-plain test set-up
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conversion of their orientation from vertical (standing) to horizontal (lying) by a
rolling process [30]. A further improvement can be achieved by additional
mechanical compression of the aligned CNT mat.

The multi-walled CNT-based papers are the only architecture within this test
campaign whose stability enables a high number of successfully tested samples.
However, the found relations of free strain and excitation voltage reveals no clear
trend like it is found in the former mentioned experiments using liquid electrolytes.
Due to the smaller surface area of multi-walled CNTs the measured free strain was
only in the range of |0, 1%| at excitation voltages of +-1 V. Higher strain values
(|0,3%|) can be reached using higher voltages up to +-3 V. According to the
chemical stability window of aqueous electrolytes (+-1 V) the measured strain at
+-3 V is related to irreversible chemical effects. For a better understanding of the
active behavior of the hybrid-actuators, NAFION is tested as single sheets of
differing thicknesses. The air-brush-technique enables to control the thickness of
the sheets within 10 lm. The tests are carried out in the out-of-plain set-up as well.
It can be found that all investigated sheets are almost inactive within the range of
±1 V (Fig. 7.15).

Fig. 7.13 Strain-degradation during testing

Fig. 7.14 Disordered multi-
walled CNTs after coating
and drying of NAFION
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The usage of the high strains generated at voltages beyond +-1 V is
questionable in terms of reproducible active performance as irreversible chemical
reactions take place. As an indicator for these irreversible reactions a weight
analysis (see Table 7.1) of the sheets reveals a weight-loss inversely proportional
to the sheet thickness. This records the trend of high water-loss of thin sheets due
to their higher surface area per volume. Therefore an earlier actuator failure due to
the lost ability of ion-movement can be expected using rather thin NAFION-films
at high voltages.

7.13 Conclusion

The chapter examines the actuation mechanism of Carbon Nanotubes in an elec-
trolytic environment. A model for a comprehensive and deepened understanding of
the actuation mechanism is presented. The derived model is validated for a CNA
configuration which is based on bucky-paper in a liquid electrolyte. One focus of
this chapter is the determination of the parameters which are needed in the model.
In the course of the parameter estimation it emerged that the properties of the
electrochemical double layer could rather be approximated by a constant phase
angle element than by a pure capacity. The application of the initial model based
on a pure capacitor leads to parameters which vary with the frequency. The
implementation of the fractional derivative of the constant phase angle element

Fig. 7.15 NAFION-sheets
are tested with the voltage-
range of ±4 V

Table 7.1 Different characteristics of NAFION-sheets during strain tests

Number of layers Thickness [lm] Posttest weight loss [%]

2 49 0.43
3 52 0.23
4 70 0.15
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allows describing the electrical behavior with constant parameters. One additional
parameter is needed for this improvement which is the exponent n of the constant
phase angle element.

The results and deductions like the quadratic relationship between activation
voltage and free stroke found in liquid electrolytes cannot be transferred to solid
electrolytes with the same reproducibility. However, the measured strokes are
similar in comparison to the liquid systems but the ionic conductive system
NAFION is totally different and shows a strong dependency upon its humidity.
Although different and more effective CNT-architectures as well as CNT types are
used because of their alignment and active surface the measured free stroke is
similar over all. Nevertheless hybrid actuators are built and tested. The next
challenges are to capsule a hybrid of effective CNT-material (aligned CNT-paper)
and to bond sheets of NAFION for more reproducible performance. The solid
electrolyte NAFION is an available, handable and low-harmful solid ionomere
with high industrial relevance (fuel cells). Until now no active behavior of
NAFION itself is detected within the voltage range of interest for a carbon
nanotube actuator avoiding its usage.
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Chapter 8
Piezoceramic Honeycomb Actuators

Jörg Melcher

Abstract The success of active vibration control in adaptronics decisively
depends on the performance of the actuators used as multifunctional structural
elements. DLR’s concept of impedance matched actuators proposes novel actuators
in honeycomb design (Fig. 8.1). The partitions of their hexagonal cells are made of
piezoceramic materials. The honeycomb geometry guarantees lightweight prop-
erties with nearly perfect load distributions in the plane perpendicular to the cell
tubes. Furthermore there is a dynamic flexibility in this plane even when the static
stiffness is very high. New fabrication methods are required to realize honeycomb
actuators with very small cells, low wall thicknesses and perfect rounded corners.
In order to fulfill the lightweight conditions self-organizing effects were used to
guarantee optimal 3D geometries. In this context, a local thermal treatment of
ceramic structures by employing lasers initiates self-organizing mechanisms via
material flow. Experimental comparisons between piezoelectric honeycomb actu-
ators and conventional monolithic actuators demonstrate a reduction of electrical
power by a factor of 500. Honeycomb actuators seem to be the most promising
candidate for technical applications that require low energy consumption.

8.1 Active Control of Mechanical Impedances

In recent years many multifunctional actuators and sensors have been developed in
adaptronics for active control of noise and vibrations. Usually actuators are driven
far away from their resonances to avoid control and design efforts. Being in a sharp
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contrast to that DLR proposes actuator and sensor designs with structural con-
formity [1]. This strategy requires a simultaneous design of all components from
the very first beginning leading to actuator constructions, which transfer function
is optimally matched to the structural system. Consequently it is expected that the
actuator characteristics are not linear any more, the dynamic characteristics of the
transfer function are shaped.

Some research investigations used the impedance formulation in order to have a
better understanding of the structural dynamics of systems with structurally inte-
grated actuators and sensors [2, 3] For active vibration control a minimum of
energy effort can be achieved by implementing multifunctional actuator elements
with properly chosen mechanical input impedances [4, 5].

As long as the actuators do not support from a serial mass, e.g. from those of
tuned mass dampers, but they have load carrying capacities as multifunctional
elements, the junction point of structure and active system can be derived from a
simple electrical equivalent circuit [6], see Fig. 8.2. Its left hand side represents
the complex primary excitation Fp together with the dispersive mechanical input
impedance Zp ¼ Z 0p þ j � Z 00p ; the right hand side the actuator impedance
Zs ¼ Z 0s þ j � Z 00s and its complex generating force Fs: The small circles are the
electrical terminals corresponding to the junction. Using the force-voltage analogy,
the voltage across the terminals corresponds to the force F between actuator and
structure, while the current through the terminals is equivalent to the velocity v of

Fig. 8.1 Piezoceramic
honeycomb actuator

Fig. 8.2 Electrical analogue
circuit of the structure-
actuator junction
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the vibrating junction. For the general case where both the primary source as well
as the active system are operated the junction values are

F ¼ Zs

Zp þ Zs
� Fp þ

Zp

Zp þ Zs
� Fs ð8:1Þ

and

v ¼ 1
Zp þ Zs

� Fp �
1

Zp þ Zs
� Fs: ð8:2Þ

Their quotient yields the mechanical impedance at the junction point:

Z ¼ F

v
¼

Fp

Fp � Fs
� Zs þ

Fs

Fp � Fs
� Zp: ð8:3Þ

This impedance is the most significant physical parameter in an active control
process. Depending on the particular requirements, the impedance Z is

• a ‘‘matched impedance’’ in case of an optimal active power absorption, whereas
also ‘‘reactive impedances’’ are included compensating an existing mass or
stiffness by adding a ‘‘negative mass’’ or a ‘‘negative stiffness’’,

• an ‘‘infinite impedance’’ in case of an optimal active vibration suppression, or
• a ‘‘zero impedance’’ in cases of a perfect active vibration isolation or an optimal

force flow compensation.

The function of the power extraction depending from the secondary force Fs is
given by the ‘‘power parabola’’, see Fig. 8.3:

Pw Fsð Þ ¼ 1
4 F � v� þ F� � vð Þ

¼ 1

2� ZpþZsj j2 � Zs Fp

�� ��2� Zp � Zs

� �
FpF�s � Zp Fsj j2

h i
: ð8:4Þ

The optimal active power absorption can be reached with the secondary force

Fs;matched ¼
Z�p � Zs

Z�p þ Zp
� Fp: ð8:5Þ

At the junction location this force causes the junction force and velocity

F ¼
Z�p

2 � Z 0p
� Fp and v ¼ 1

2 � Z 0p
� Fp ð8:6aÞ

and the matched impedance

Z ¼: Zmatched ¼ Zs þ
Fs;matched

v
|fflfflfflfflffl{zfflfflfflfflffl}

actively controlled part

¼ Z�p: ð8:6bÞ
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Generally the normalized power extraction by Zs is given by

PW Z 0s; Z
00
s

� �

PW ;max
¼

4 � Z 0sZ 0p

Z 0p þ Z 0s

� �2
þ Z 00p þ Z 00s

� �2
� 	 � 1 ð8:7Þ

with

PW ;max ¼
1
8

Fp

�� ��2

Z 0p
: ð8:8Þ

As expected the perfect power extraction requires the matched impedance.
Furthermore the actuator impedance Zs should be matched to the conjugate
complex impedance of the structural environment. Otherwise, if Zs 6¼ Z�p; the
actuator must be highly powered in order to compensate of the mismatch

Z�p � Zs

� �
in Eq. (8.5)—realized by the actively controlled part in Eq. (8.6b).

An optimal active vibration suppression leads to

F ¼ FP and v ¼ 0: ð8:9Þ

Then the junction impedance becomes infinite (Z !1) with the adjustment

Fs;i nf ¼ Fp: ð8:10Þ

Otherwise, a ‘‘zero impedance’’ (Z ¼ 0) is required for an optimal force flow
compensation that needs the optimal adjustments

Fs;comp ¼ �
Zs

Zp
Fp: ð8:11Þ

This secondary force cause the relationships at the junction point

F ¼ 0 and v ¼ 1
Zp

Fp: ð8:12Þ

Fig. 8.3 Power extraction
depending from active
impedance adjustment
(power parabola)

110 J. Melcher



8.2 Honeycomb Actuator Design, Fabrication
and Applications

In order to meet the impedance requirements mentioned above an alternative
architecture to the monolithic constructions were propose: piezoelectric actuators
in honeycomb design (Fig. 8.1) [7, 8].

The honeycomb geometry was chosen because of its lightweight properties: it
has a nearly perfect load distribution in the plane perpendicular to the cell tubes.
Furthermore there is a dynamic flexibility in this plane even the static stiffness is
very high. The static and the structural dynamic design of the honeycomb
geometry (e.g. thickness and length of the partitions) and a special activation allow
to match the actuator to desired impedances. A typical mechanical impedance of
piezoceramic honeycomb actuators, see Fig. 8.4, has the modal description

ZcombðsÞ ¼ UT
i

� ��1
diag ZiðsÞ½ � � U�1

i ð8:13Þ

with

ZiðsÞ ¼
Mis2 þ Disþ Ki

s
: ð8:14Þ

The nomenclature (corresponding to the i-th mode) contains the eigenvectors Ui

and the elements Mi, Di and Ki of the generalized mass, damping, and stiffness.
In contrast to equivalent monolithic piezoceramic patches that have eigenfre-
quencies typically in the range of 25 kHz piezoceramic honeycomb actuators have
drastically reduced eigenfrequencies In the case of Fig. 8.4 the eigenfrequency is
nearly 2 kHz.

The impetus of this actuator design was given by honeybees [8, 9]. Bees do not
use their wax combs only for their brood and food. They also correspond to each
other using the combs as the vibrating media. Furthermore, the bees manufacture
of honeycombs was taken as an example in a bionic sense in order to fabricate
ceramic combs. The speculations on how the honeybees so precisely construct the
hexagonal cells are centuries old. But recent investigations found out that the
hexagons are the result of self-organizing processes in which the beewax reaches a
liquid equilibrium [10]. During the building process the honeybees heat up the wax
to around 40�C. That is the temperature from that the wax becomes amorphic.
Under slightly raised temperatures the thermoplastic beewax flows exactly to that
geometry that has the lowest enthalpy. The result of this thermodynamic process
are hexagonal cells. The final dimensions only depend on the starting conditions of
the self-organizing process.

Matching a ceramic comb structure to a mechanical impedance with low
eigenfrequencies the comb should have very thin struts and very precise curved
cell junctions. Using conventional ceramic forming methods, such as casting,
plastic forming or pressing, and even with new developments such as micro-
sandblasting, ionotropic capillary gel forming or electrophoretic deposits the
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required geometries are not attainable. Therefore, the most promising strategy
seems to be to use physical self-organizing effects similar to the organic comb
manufacture.

In physics self-organization is defined as a forming process in a dissipative
thermodynamic system away from equilibrium. In agreement with the second law
of thermodynamics, self-organizing processes appears spontaneously on all scales
and lead to structural patterns that are distinguished to have a minimum of energy
and free enthalpy and a maximum of entropy. The reason for self-organization is
the presence of mechanical, chemical, electrical, electrochemical, thermodynamic,
acoustical or aerodynamic potentials whose absolute minima are not yet adjusted.

Applied to ceramic forming processes the self-organizing fabrication must rely
at least on four basic attributes: the system is dissipative, non-linear, away from
absolute enthalpy minimum and getting started by clearing or shifting a potential
barrier. A typical experimental result of a ceramic comb is shown in Fig. 8.5.

As long as the object of self-organization is a thin and non-closed membrane,
the result of the self-organizing processes are minimal surfaces immersed in <3—a
topology with a disappearing mean curvature. The latter is the average of the
principle curvatures, that are the eigenvalues of the shape operator of given surface
points. The forms of soaps are impressive examples of minimal surfaces. But if the
objects are volume elements with closed surfaces (e.g. spheres), the resulting
topologies differ from typical minimal surfaces. Then the mean curvature is still
constant but non-zero.

Nevertheless the geometry of honeycombs can be analytically estimated as a
periodic composition of trinoids. In potential theory they are knows as symmetric
trinoids of genus 1. Using the Enneper-Weierstrass representation, the analytic
description of trinoids is given by

Fig. 8.4 Impedance of a
piezoceramic honeycomb
actuator
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x r;uð Þ
y r;uð Þ
z r;uð Þ

2

4

3

5 ¼ <e

Z f 1� g2ð Þ
j � f 1þ g2ð Þ

2 � f � g

2

4

3

5dz

8
<

:

9
=

;
; ð8:15Þ

whereas the analytic functions f and g are given by

f zð Þ ¼ z3 � 1
� ��2

and g zð Þ ¼ z2: ð8:16Þ

While g is a meromorphic function with an order less than f the function f has a
holomorphic form. In order to predict the final comb state of self-organizing pro-
cesses for given static and dynamic load conditions a fast program library for C++
environments was generated. The implemented algorithms consider thermo-
mechanic potentials whose negative gradients are the forces that cause the structure
to change its geometry self-organizingly. The recursive iteration processes allow
two and three dimensional applications (Figs. 8.6 and 8.7). The self-organizing
processes achieve their final states when all stresses are completely compensated
indicating a homogeneous blue coloured distribution. A thermal potential is just
suitable to control the self-organization because the volume shrinkage can be
controlled by temperature [11–13]. Therefore the choice of piezoelectric material is
very significant for self-organizing fabrication methods [14, 15].

For the manufacture of honeycomb piezoelectric actuators green ceramic foils
are structured with CO2-lasers. With a focussed laser beam thin foils are structured
in a shape of a honeycomb, at first employing an alumosilicate model material for
validation purposes, secondly PZT (Fig. 8.8) and K0.5Na0.5NbO3 (KNN) in the
same way. In order to obtain thicker honeycomb structures the thin foils are
stacked and bonded to a ceramic multilayer element. This procedure allows the
fabrication of piezoelectric actuator stacks. A major benefit of this approach is the
variability in manufacturing of honeycomb structures with preferred cell size to
wall thickness ratios.

Fig. 8.5 Self-organized
ceramic cell
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A second approach, in which a ceramic powder compact (green body) is
structured in a type honeycomb pattern via a 3D surface milling process and the
structured powder compact is locally densified to a dense ceramic body by intense
laser radiation, causes multiple phase systems. Therefore it is warmly recom-
mended to prefer this fabrication procedure for lead-free piezoceramic materials.

Application candidates of piezoceramic actuators are in communication tech-
nologies (handy vibration alarms that only need 0,02 W), in sport industries (smart
skies, snowboards and non-vibrating tennis rackets), in household appliances
(vibration heads of electric shavers), in optics (internal anti-vibration system

Fig. 8.7 Simulated self-
organized 3D comb:
photronic� or diamond
lattice structures

Fig. 8.8 Laser sintered
ceramic cell

Fig. 8.6 Simulated sequence of self-organized process with colour map: blue (no mechanical
stress), red (maximum of stress)
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in binoculars), in medicine technologies (vibrating shoe soles increasing the bal-
ance or harmonic scalpels) and in robotics (active vibration control for
micropositioning).
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Chapter 9
Validation Approach for Robust Primary
Carbon Fiber-Reinforced Plastic
Structures

Alexander Kling

Abstract Current industrial demands for fiber composite primary structures in the
area of aeronautics require innovative, experimentally validated simulation methods
and tools, to support a cost and weight efficient design and to reduce their time-to-
market utilizing virtual (simulation based) testing. Reliable application of numerical
analysis in upfront design challenges not only verification (‘‘solve the equation
right’’) aspects but also the validation of the numerical methods (‘‘solve the right
equations’’) with trustworthy experimental investigations. This chapter provides an
overview on different aspects of the validation process, starting with a concise
insight in the terminology in modeling and computational simulation, followed by a
description of the selected approach to validate structures at different levels of detail,
the comparison of numerical results with experimentally extracted data and finally a
brief outlook with respect to transferability prospects and limitations. These aspects
will be reflected exemplarily utilizing numerical and experimental investigations on
buckling and postbuckling of stiffened CFRP panels.

9.1 Terminology

Figure 9.1 depicts the basic phases of modeling and simulation as presented by the
Society of Computer Simulation refer to [1] or by some other fundamental guidelines
for Verification and Validation in the area of computational fluid dynamics [2]. The
‘‘reality’’ (e.g. measurements during product use, like accelerations determined via
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flight test of an airplane) or experiment represents the problem entity to be modeled,
which is in the considered case the physical experiment described in Sect. 9.3 on two
thin-walled stiffened CFRP panels. The conceptual model is based on the analysis
process of the ‘‘reality’’ or experiment and can be summarized by all necessary
mathematical equations to properly describe the physical behavior within the area of
interest. Subsequently, these mathematical equations are programmed to obtain the
computer model (e.g. by FEM software). Finally, the process of computer simulation
connects back the computer model to the ‘‘reality’’ or experiment. The model
qualification provides an insight on the adequacy or fidelity of the conceptual model
with respect to the real problem. Model verification (‘‘Solve the equations right’’)
deals with the relationship between conceptual model and the computer model to
identify and eliminate possible programming errors. The highlighted area of model
validation (‘‘Solve the right equations’’), the main focus within the subsequent
sections, determines the confidence in the simulation capability of the computer
model in comparison to reality or experimental findings.

9.2 Validation Process

Figure 9.2 presents a modified and extended version of the numerical modeling
process including experimental validation as proposed in the ASME Verification
and Validation Guide [3]. The basic ideas and definitions expressed in Fig. 9.1 are
still present in this flow-chart, but each process and activity was further subdivided
into its next level of detail. In addition, two separate branches were introduced, the
right one includes the modeling aspects and the left one the physical testing
elements. A brief summary as well as characteristic modifications and extensions
of the flow-chart with respect to buckling and postbuckling of stiffened panels are
given subsequently. Further information on structural stability analysis may be
found in Chaps. 14 as well as 16.

Reality
Experiment

Computer
Model

Model
Validation

Model
Qualification

Model
Verification

Computer
Simulation

Analysis

Programming

Conceptual
Model

Fig. 9.1 Phases of modeling
and simulation (modified
from [2])
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The area of interest in this specific example can be best summarized as to
extend the current stability design scenario to exploit the postbuckling regime
(weight reduction) of stiffened CFRP panels, which is demonstrated by improved
modeling, simulation and experimental validation (cf. [4]). The abstraction/sim-
plification/limitation process is a strongly linked effort of the experimenter and
analyst with respect to physical assumptions (e.g. consistency with respect to
testing capabilities, discrepancies between real-world boundary conditions and
experimentally feasible ones, etc.), which leads to a conceptual model, in the
specific case to a surrogate model of stiffened CFRP panels.

Validation
Quantitative Comparison

at different levels 
of detail: 

Condensed global level
Full scale level 

Local Level 

Abstraction / Simplification / Limitation
(geometric non-linearity, 

boundary conditions, 
dimensions consistent with test equipment) 

Conceptual Model 
(surrogate model of stiffened CFRP panel) 

Mathematical
Model

Computational
Model

Simulation
Results

Simulation Outcomes

Physical 
Model

Experiment 
Design

Experimental 
Data

Acceptable
Agreement?

Structural levels in hierarchy 
(cf. Figure 1.2) 

Physical Modelling Mathematical Modelling

Implementation

Experimentation
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Implementation

Calculation

Exploitation Exploitation
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Next Reality of Interest
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Examination of Transferability
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Code
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V
al

id
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n

 E
xp

er
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en
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Calculation 
Verification 

Consistent Uncertainty 
Quantification

Area of Interest
(accurate postbuckling simulation of stiffened panel)

Fig. 9.2 Detailed illustration of the numerical modeling process including experimental
validation (modified and extended from [3])
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The modeling branch’s first element mathematical model and its implementa-
tion as well as code verification, was not a main issue due to the fact that a
commercial FE code was utilized for simulation. The subsequent elements
computational model, simulation results and outcomes can be reviewed in [5].

The first two elements in the physical modeling branch are covered by the
approach to conduct validation experiments rather than phenomenological inves-
tigations with the clear objective to assess the accuracy of the mathematical model.
An important link between both branches (or personified between experimenter
and analyst) is the so called pre-test analysis, with the main purpose to support the
common understanding with respect to the physical and mathematical model and
to identify possible sensitivities or critical sources of discrepancies. The
subsequent two elements experimental data and outcomes have to be critically
assessed to consider deterministic as well as probabilistic deviations.

The validation represents the quantitative comparison, covering different levels
of detail, ranging from a condensed global level, via a full scale level to a local
level of the examined stiffened panels and in this example the focus on their non-
linear buckling and postbuckling behavior. This allows finally a well founded
assertion with respect to the applicability of the analysis procedure to predict this
complex structure mechanical behavior in the defined domain of interest:

On a condensed global level, the overall load-shortening curves are compared
between experiment and analysis. The terminology ‘‘condensed’’ means in this
context, that global (panel-level) load as well as shortening are considered to
characterize the structural behavior. This is usually the first step to examine
characteristics along the load-shortening run and compare them with experimental
findings.

On a full scale level, the deformation patterns at different load levels are
compared. The applied experimental measurement techniques (digital image
correlation [DIC] system, ARAMIS) allow after postprocessing a direct compar-
ison with respect to the numerically determined displacement patterns.

On local level of validation, measurements at certain locations on a relatively
punctiform level, like strains from strain gauges or radial displacements from
position encoders are compared with numerical findings, with the purpose to
evaluate the correspondence locally, on a rather small scale.

Each level has its individual necessity for a validated numerical model and
analysis procedure, due to the fact that with this multi-level approach, possible
shortages or discrepancies become obvious. Furthermore, first indications can be
extracted to identify possible causes of differences as well as promising
improvements of the computer model.

The purpose behind the multi-level approach within the problem-oriented
(e.g. bucking and postbuckling analysis of a stiffened thin-walled panels) valida-
tion process, is to raise the awareness that a simple comparison of the
load-shortening curve, on a condensed global level, might be not enough to prove
the validity of the model and numerical analysis procedure.

In case an acceptable level of agreement was not obtained within the validation
process, first a consistent uncertainty quantification should be done to eliminate

122 A. Kling



any kind of error, second, the solid arrow pointing up to the conceptual model
should be considered as one (next to abstraction/simplification or material data
base) possible approach of improvement to assess both branches ‘‘iteratively’’.
However, based on the experience of the analyst and experimenter or sensitivities
extracted from pre-test analysis (e.g. boundary conditions) specific shortcomings
or sources of discrepancies might be identified directly. In case an acceptable level
of agreement was achieved, the next reality of interest (dashed arrow towards the
pyramid of structural levels in hierarchy in Fig. 9.2) might be studied.

9.3 Example: Stiffened CFRP Panel

Within this section, the model with its boundary conditions and the validation
approach at three levels of detail is resumed utilizing data from [5] to demonstrate
its applicability to evaluate the quality of simulation-based results with respect to
non-linear stability analysis of stiffened CFRP panels.

In the numerical model, the axial loading is introduced via a reference node,
marked as a black dot in Fig. 9.3, which is rigidly connected, with all nodes (skin and
stringer) on the loaded circumferential edge of the panel (marked green). The applied
boundary conditions for this node-set is [0/0/-], which represent in the first line the
displacement degrees of freedom [R/T/Z], and [0/0/0] in the second line character-
izing the rotational degrees of freedom [uR/uT/uZ], both in a cylindrical coordinate
system. The red marked nodes model the end blocks (epoxid ? filler material
applied on both ends for load introduction in the experimental setup), where is
assumed that only axial displacements are allowed. The blue accentuated two node
lines along the longitudinal edges of the panel stand for the applied boundary
conditions [0/-/-], [0/0/-] as a surrogate model of the metallic longitudinal edge
supports applied in the test. The node line marked in yellow along the circumferential
edge represents the fixed support [0/0/0], [0/0/0] at the end of the panel.

The condensed global level is met by the load-shortening curves depicted in
Fig. 9.4. The experimental results of the nominally identical panels B0276 and
B0281 are depicted in comparison with the outcomes from the numerical analysis
with and without scaled geometric imperfections.

The predicted axial stiffness in the pre- and postbuckling range are very close to
the experimentally extracted ones. The onset of global, stringer-based, buckling
shows some variation in the experimental outcomes, however, due to its highly
non-linear behavior in the postbuckling regime is it still in an acceptable range and
corresponds well with the numerical results.

In the transition phase from the unsymmetric global 1/3 (outwards), 2/3
(inwards) buckling deformation (cf. deformed panel in Fig. 9.4) to a single central
one, the run of all curves are close up to the point of collapse.

The significant loss in load-carrying capacity at 3.5–3.6 mm shortening from
the experimental data are due to structural degradation (e.g. large failure in the
stringer-skin interface, major fiber and interfiber failure, extensive delamination),
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which was located and characterized after the test. The knees (loss in load-carrying
capacity) in the numerical results close to the experimental collapse are due to a
predicted mode change, followed by the termination of the analysis due to massive
convergence problems.

Fig. 9.3 Details of the applied boundary conditions of the FE analysis

0

20

40

60

80

100

120

0 0.5 1 1.5 2 2.5 3 3.5 4

Shortening [mm]

Lo
ad

 [k
N

]

Experiment; Panel B0276

Experiment; Panel B0281

Simulation; Model 1; *STATIC, STABILIZE; without imperfection

Simulation; Model 1; *STATIC, STABILIZE; with imperfection

Fig. 9.4 Comparison of experimentally and numerically extracted load-shortening curves
(condensed global level of validation), global 1/3 (outwards), 2/3 (inwards) buckling shape

124 A. Kling



It should be emphasized that the numerical and experimental investigations
detailed in this chapter focus mainly on the non-linear buckling and postbuckling
behavior, methods to consider structural degradation (e.g. stringer-skin separation)
have not been introduced in the analysis procedure.

Overall, the condensed global level, by comparing the load-shortening run, up
to the deep postbuckling regime, revealed a high level of agreement between
experimentally extracted data and numerical results.

The side-by-side comparison in Fig. 9.5 of deformation patterns at identical
load levels was selected to cover the so called full scale level. To simplify the
visual comparison, the surface of the panel which was covered by the digital image
correlation system—DIC (experimental measurements), excluding clamping boxes
on top and bottom and longitudinal edge supports, has been framed in the color
rendering of the numerical results. Note, that the white areas in the experimental
measurements are due to applied strain gauges and their wiring.

The measured onset of local skin buckling depicts a slightly more inhomoge-
neous deformation pattern in comparison to the result form the non-linear analysis.
This could be caused by the influence of the applied boundary conditions and/or
some geometric imperfections introduced during the manufacturing process
influencing this sensitive stability phenomenon. However, the total number of half-
waves in the axial direction is identical for analysis and experiment. The global,
stringer-based, 2/3 to 1/3 buckle depicts a larger expansion in axial as well as
circumferential direction for the experimental measurements, however, this is due
to different color distribution within the legend of experimental and numerical
results. Despite this pure visual discrepancy, further detailed examinations
revealed that a high level of agreement was found on the full scale level between
the experimental measurements (89 deformation patterns up to collapse) and the
numerical results along the whole load-shortening run.

To underpin the findings on the local level, experimentally measured and
numerically predicted radial displacements at defined locations on top (free edge)
of the T-stringer-blades were extracted and compared in Fig. 9.6. A positive radial
displacement corresponds to an outwards deformation from the stringer- to the
skin-side. As expected there are almost no deformations prior the onset of global
buckling, only small positive radial displacements due to the applied boundary
conditions and the axial loading are detected. However, at an axial shortening of
approximately 1.8 mm, which comply with the onset of global buckling, the radial
displacements reproduce the unsymmetric global 2/3 to 1/3 buckling deformation
(refer to Fig. 9.5). The displacement transducer W88 indicates a sudden rise in
positive radial direction (1/3). W90 and W91 show an even larger transition in
negative radial direction (2/3). The displacement transducer at W89 reflects a
linear slope, which can be explained by its initial inflection point location and the
subsequent transition to a single central global buckle. This alteration, towards a
single global buckle in the centre, explains the run of W88 towards a negative
radial displacement and the further negative gain of W89, W90 and W91. The
corresponding numerically determined displacements revealed a high degree of
agreement with respect to the experimentally extracted data.
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All three levels (condensed global level, full scale level, local level) of the
selected validation approach reflected a high level of correlation between the
experimentally extracted and numerically determined results, which allows to
consider the modeling and numerical analysis process (cf. Fig. 9.2) as an appro-
priate methodology—well transferable beyond the exemplarily detailed study on
buckling of stiffened panels.

Experiment FEM without imperfection
Local skin buckling

Global 2/3 to 1/3 buckle

Global buckle at 2.5 mm shortening

Fig. 9.5 Deformation patterns at characteristic load levels (full scale level of validation)
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9.4 Validation Assessment

After the successful validation of the modeling and simulation process, utilizing a
limited number of tests, an important question about its extended validity arises:
How well is this analysis procedure applicable within an extended designs space?
This defines the border or transition between numerically predicted results and
validated ones. The process of validation assessment is characterized by deter-
mining the degree to which a model and analysis process is an accurate repre-
sentation of the so called real world application with respect to the intended use of
simulation. It will be briefly covered within this section.

Figure 9.7 depicts exemplarily in two dimensions the relationship between
model validation and model prediction for two design variables X1 and X2 (e.g.
stringer-pitch or radius of curvature for the considered stiffened panels). Validated
domains are centered by a limited number of physical experiments and the shaded
decreasing confidence-level towards model prediction with increasing distance.
Two different scenarios are depicted, on the left hand side, in which the domains of
interest are rather limited to acceptable confidence-levels supported by experi-
ments. On the right hand side a significantly larger domain of interest is defined,
covering also white areas representing critical regions of low confidence. The
latter represents common engineering practice (shear-axial compression interac-
tion curve), simply due to the fact that physical experiments covering the full
domain of interest with a high level of confidence is not always practicable due to
time and cost constraints. At least the knowledge to be in a critical domain with a
low level of confidence is of high relevance. This can be substantiated with expert
knowledge as well as numerically predicted sensitivities (e.g. parametric studies to
examine the ‘‘robustness’’ of validity within a probabilistic context), to understand
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specific modeling assumptions as well as the structural response to assess the
predicted results with a given level of cautiousness.

Furthermore, transfer aspects within the context of validated simulation
procedures are often linked to the concept of validation hierarchy (cf. [6]), because
it is not always feasible to conduct real validation experiments of the final complex
system. Therefore alternatively a building block approach is commonly utilized as
depicted in Fig. 9.8. In this case characteristic structural levels are shown for an
aircraft fuselage in form of a pyramid (inspired by the pyramid of tests introduced
by Rouchon [7]). The solid horizontal arrows represent the validation process on
different levels building up on each other.

In addition, the vertical arrows connecting different levels e.g. structural-
element level and subcomponent level can be thought as some kind of ‘‘elevator’’
function on the right hand side (analysis) of the pyramid, which can be accom-
plished utilizing for example a multiscale approach (cf. Chap. 11) e.g. submod-
elling technique available in commercial FE codes, which allow to build up
a barrel by (validated) panel sections (going up) or to identify and analyze
‘‘hot-spots’’ (going down), critical areas of possible failure and subsequent
degradation via homogenization, by going up again.

9.5 Conclusion

Within this chapter relevant aspects with respect to a novel multi-level validation
approach were exemplarily detailed by the buckling and postbuckling analysis as
well as physical testing of stiffened composite panels. A high level of correlation
was found up to the deep postbuckling regime between numerical analysis and
experiment not only for the load-shortening run (global condensed level of vali-
dation) but also on local level e.g. for radial displacement or full scale level for the
full field deformation patterns. Finally, transfer aspects were pointed out as a part
of the validation assessment, which allow to examine the applicability of a

Fig. 9.7 2-D visualization of validation confidence (left: domains with high level of confidence,
right: larger domain of interest including areas of low confidence)
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validated modeling and simulation process to an extended design space, as well as
some contributions with respect to the concept of validation hierarchy.

The proposed and applied multi-level validation approach demonstrated its
applicability to evaluate the quality of the numerically extracted results. Further-
more, the comparison at different level allows to extract possible discrepancies of
the model, which would not be detectable in case of a simple comparison of load-
shortening runs. The validation process revealed that the selected numerical
analysis procedure (model building and solution) is an appropriate approach to
simulate the buckling and postbuckling behavior of the considered structure at a
high level of confidence, which allows e.g. an extended design philosophy to use
the remaining load carrying capacity in the postbuckling regime as safety region.

Within Fig. 9.8 the current share between experiments and analysis in design of
complex primary aircraft structures is marked as dashed lines, assuming a
symmetric pyramid. Further improvements with respect to fast and reliable
(validated) virtual testing methods (horizontal arrows) linked with the efficient and
automated multiscale analysis (vertical arrows) will allow to shift the share
towards an extensive use of analysis as depicted with solid lines (distorted
pyramid). This will not only allow to reduce to total number of time and cost
consuming experiments up to the certification of an aircraft, but also to reduce
risks within the development process, due to high quality simulation within an
early stage of the design process.

Experiments Analysis

Coupon Level

Structural-Element Level

Subcomponent Level

Component Level

A380 Fuselage
Source: Airbus

Experiment 
(ARAMIS)

Simulation
(ABAQUS)

current
future

ENF
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etc.

Number of

8 Mindlin Plattenelemente-Knoten -

Fig. 9.8 Pyramid of tests with future and current scenario of physical and virtual testing
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Chapter 10
Simulation of Fiber Composites:
An Assessment

Klaus Rohwer

Abstract Two facts are the main drivers for a steady rise of models simulating fiber
composites: an increasing demand on optimal utilization of the material and a drastic
improvement in computational power. Though this process is still in full swing a
review is considered reasonable since it facilitates guidelines for future research.
Topics which comprise major development lines are micromechanics, laminate
theories, design and optimization, damage and failure, and manufacturing, though a
strict separation is not in all cases useful. In reviewing these topics it will turn out
that their model status is of rather different maturity. Areas are identified where there
are plenty of models available which are really not needed, whereas other problems
cannot be modeled adequately as yet.

10.1 Modeling Aspects

Numerical simulation requires a model, which on one hand should reflect the desired
aspects of reality accurately enough but on the other hand be as simple as possible.
Due to the complexity of fiber composites the number of models and tools for
simulating the structural behavior is horrendous. It is by far not possible to value them
all; rather, it is the intention to identify areas where, to the author’s opinion, there are
still deficits or where there is a surplus of models but a lack of knowledge regarding
suitable application. Furthermore, it is of utmost importance to validate the model.
To that end it is not sufficient to prove an adequate prediction in two or three test
cases. Rather, extensive test series with relevant structural components must be run.
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10.2 Micromechanics

10.2.1 Material Properties

Micromechanics account fibers and the matrix for separate constituents; in some
cases an interface layer is assumed in addition. There are chiefly two microme-
chanical tasks: Determination of stress between fibers and the matrix as well as
homogenization of constituents. A major difficulty is the determination of material
properties. That holds especially for fiber properties in transverse direction as well
as for a possible interface layer. Since proper tests are difficult to perform these
values are often determined from an inverse application of homogenization
formulas.

10.2.2 Micromechanical Stress

Calculating micromechanical stress is generally based on a representative volume
element (RVE) which contains the constituents in sufficiently large numbers. With
suitable boundary conditions applied the RVE is then analyzed by means of finite
elements. Information about size and boundary conditions are provided by Larsson
et al. [1]. Examples of stress distributions are given by Rohwer and Xie [2],
Nassehi et al. [3], Zhao et al. [4], Jin et al. [5] and Huang et al. [6]. This well-
established procedure is quite useful for understanding the effects of
inhomogeneity.

10.2.3 Stiffness Homogenization

Analyzing a complete structure from fiber composite material needs a homoge-
nized approach. Adequate stiffness properties can be determined from an RVE
analysis, as for instance proposed by Kari [7]. Garnich and Karami [8] included the
effect of fiber waviness. But such a laborious procedure is normally avoided.
Instead, simple homogenization formulas are used. For the Young’s modulus and
Poisson’s ration in fiber direction it is the rule of mixture the results of which
deviate only slightly from more complicated formulas by Hill [9]. In transverse
direction and for shear the formulas are based on the rule of mixture for the
compliances. But the results must be reduced by a certain amount due to
3D-effects, as can be visualized from Fig. 10.1. Many different proposals for such
a reduction are available, e.g. Tsai and Hahn [10], Hashin [11] or Chamis [12].
With reasonable fiber and matrix properties a deviation of up to ±10% between
the different formulas has been determined. Besides the stiffness a number of other
properties have been homogenized. Among them are the coefficients of thermal
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expansion, e.g. Kulkarni and Ozden [13], the coefficients of moisture expansion,
and the coefficients of thermal conductivity. Especially the thermal conductivity
has been intensively studied; recently Al-Sulaiman et al. [14] even included the
effect of voids within the matrix.

10.2.4 Strength Homogenization

The status of strength homogenization is far less advanced. Some effort is put on
the determination of tensile strength in fiber direction. Considering the standard
composite design with an extension to failure of the matrix much higher than that
of the fiber, the composite failure stress can be roughly estimated by the rule of
mixture from the failure stress of the fiber and the matrix stress at fiber rupture.
However, that does neither account for varying fiber strength along each single
fiber nor for different strength between fibers. A number of hypotheses accounting
for these variations have been proposed, e.g. Zweben [15], Rosen [16], Rosen and
Zweben [17], but the application is not very convincing. More recent develop-
ments along this line are the global load sharing scheme by Curtin [18] and the
simultaneous fiber-failure model by Koyanagi et al. [19]. Micromechanical
simulations on the transverse failure behavior of fiber-epoxy systems are presented
by Cid Alfaro et al. [20]. They pointed at a strong influence of the relative strength
of the fiber-epoxy interface and the matrix.

Compressive strength models were first set up by studying the buckling of fibers
with an elastic support. Depending on the fiber volume fraction Rosen and Hashin
[21] found different failure modes. Dharan and Lin [22] extended this approach by
accounting for an interface layer around the fibers. Further models were proposed
by Xu and Reifsnider [23] and by Budiansky and Fleck [24]. A micromechanical
analysis of the kink band formation after fiber buckling including the effect of fiber
misalignment was performed by Jensen and Christoffersen [25]. Lately, Gutkin

Fig. 10.1 Rule of mixture
for stiffness homogenization
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et al. [26, 27] determined two different failure mechanisms, (1) shear-driven fiber
compressive failure and (2) kinking/splitting. Mishra and Naik [28] used the
inverse micromechanical method to calculate fiber properties and applied them to
determine the compressive strength for a composite with a different fiber volume
fraction. A formulation capable of obtaining the maximum compression stress, and
the post-critical performance of the material once fiber buckling has taken place
was proposed by Martinez and Oller [29]. Only recently, micromechanical shear
strength analyses were performed by Ng et al. [30] and Totry et al. [31].

In summary, micromechanics of composites have some benefits with respect to
understanding the effects of inhomogeneity. All these methods, however, suffer
from the difficulty to measure the micromechanical properties, in particular those
of the fiber and the interface. Homogenization models in general are well
advanced, but determination of transverse and shear strength needs further
attention.

10.3 Laminate Theories

10.3.1 Laminate-Wise Approximations

After homogenization the behavior of a single layer of composite material can be
described by an anisotropic material law. Structures predominantly consist of
several layers with different fiber orientation. Attempts to homogenize these in
thickness direction did not prove reasonable. Instead, certain assumptions are
made for the laminate behavior in thickness direction. The straightforward one is
the Bernoulli hypothesis which, together with a plane state of stress, leads to the
classical lamination theory (CLT). The structural behavior is then described by
the so-called ABD-matrix. CLT is still first choice for thin-walled composite
laminates.

Since the relation between shear modulus and Young’s modulus in fiber
direction is relatively small Whitney and Pagano [32] suggested using the First-
Order Shear Deformation Theory (FSDT) instead. In addition to the ABD-matrix
that needs a 2 9 2-matrix of transverse shear stiffness which cannot be determined
without further assumptions. Rohwer [33] proposed an explicit computation,
Altenbach [34] has presented a method, which works for sandwiches as well, and
Schürg et al. [35] have published an energy minimization approach to reach that
aim. FSDT is rather popular also because many plate and shell finite elements are
based on this theory, so that only the anisotropic material law must be taken
care of.

From the early 1980s onwards an increasing number of higher order theories
have been developed. It started with the cubic distribution in thickness direction
for membrane displacements by Murthy [36] and Reddy [37]. At the expense of
additional functions that allows the determination of more reasonable transverse

134 K. Rohwer



shear stresses from the material law. Following an idea of Reissner [38], Lo et al.
[39] added a quadratic distribution of the transverse displacement which yields
even better results but needs to specify eight functions. Using the method of
multiple scales, Wu et al. [40] presented an asymptotic expansion of the 3D
elasticity equations with material properties piecewise continuous in thickness
direction. Shell thickness over radius is used as the perturbation parameter.
Successive integration leads to a process embracing the CLT, the FSDT, and
the cubic model by Reddy, respectively, as first-order approximations to the three-
dimensional theory. The procedure allows improving the solutions obtained by the
respective theories in an adaptive and hierarchical manner without increasing the
number of functions.

Laminate-wise models have been evaluated by Noor and Burton [41], Rohwer
[42], Yang et al. [43], Timarci and Aydogdu [44] and Carrera et al. [45]. As a
result it can be stated that for standard applications the FSDT with suitable shear
correction delivers sufficiently accurate results at acceptable expenses. But in
special cases it may be necessary to increase the order of polynomials in thickness
direction. Rohwer et al. [46] have presented such a case, where local thermal loads
require polynomials of up to 5th order for modeling in-plane as well as transverse
displacements in order to determine reliable stresses. Because of the considerably
large effort involved with an application of such high-order models they should be
restricted to cases where they are really needed.

10.3.2 Layer-Wise Approximations

In a technical note Pagano and Hatfield [47] have shown a pronounced layer-wise
zigzagging distribution of the in-plane displacements at slenderness ratios a/h\10.
This observation gave rise to develop a substantial number of analysis models,
which consider each layer separately. For several of these models the number of
functions depends on the number of layers. Since in real structures the layer
number sometimes is in excess of 100 the large number of functions is an evident
handicap. Computation time increases drastically since not only the number of
degrees of freedom but also the bandwidth of the stiffness matrix is proportionally
expanded. Therefore, it can be stated that in general layer-wise models with the
number of functions depending on the number of layers are not suitable for
practical application.

By means of compatibility and equilibrium conditions applied at layer inter-
faces one can achieve layer-wise models for which the number of functions does
not depend on the number of layers. A considerable research effort in this field has
led to many models of that type of which only a limited selection can be cited here.
Sun and Whitney [48] assumed the in-plane displacements to vary linearly over
each layer, whereas the transverse displacements remain constant. By enforcing
not only the compatibility but also the transverse shear equilibrium at layer
interfaces they could reduce the number of functions to five. Di Scuiva [49] later
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used a different formulation but ended up in an identical model. Lee et al. [50]
assumed the in-plane displacements layer-wise cubically distributed and the
transverse displacement remaining constant. Displacement compatibility and
equilibrium against transverse shear at layer interfaces are utilized for eliminating
unknowns. The model is thus left with five functions. The same approach,
somewhat more elegantly presented using the Heaviside unit step functions, was
provided by Savithri and Varadan [51]. A study by Rohwer et al. [52] has shown
that especially the layer-wise linear approach can deliver rather accurate results,
but for certain configurations they are worse than those obtained by the FSDT. As
an example Fig. 10.2 shows the center deflection determined by means of different
models with five functional degrees of freedom each. Lo et al. [53] have
superimposed cubic laminate-wise in-plane displacements with layer-wise cubic
ones; the transverse displacements are assumed linear. Using compatibility and
equilibrium conditions for elimination the number of functions could be reduced to
16; the results obtained with this approach are remarkably good, but the expenses
are high as compared to FSDT.

Another possibility to account for the effect of layer differences is superim-
posing specific zigzag functions onto a continuous displacement approximation in
thickness direction. Examples for such an approach are proposed by Murakami
[54], Di and Ramm [55], Brank and Carrera [56] as well as Icardi and Ferrero [57].

Fig. 10.2 Center deflection of a rectangular [0, 90]s plate with layer thicknesses [0.4, 0.1]s
compared to 3D elasticity solution
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Unfortunately there is little information available about the efficiency as compared
to more standard models. A unified formulation accounting for higher-order,
zig-zag, layer-wise and mixed theories has been provided by Carrera [58].

10.3.3 Transverse Stresses

Multidirectional laminates are susceptible to delaminations. Information about the
transverse shear and normal stresses are needed to cover this threat. With simple
laminate models like CLT or FSDT these stresses cannot be determined from the
material law. But if the membrane stresses are determined accurately enough
equilibrium conditions can be applied locally for the transverse shear stresses, and
their derivatives in turn can be integrated to determine the transverse normal stress.
Corresponding procedures as proposed by Pryor and Barker [59], Lo et al. [60] and
Engblom and Ochoa [61] suffer from the need of higher order shape functions, a
constraint which has been reduced by the Extended 2D method of Rolfes and
Rohwer [62]. An alternative approach is lately proposed by Schürg et al. [35].
Stresses determined by means of the equilibrium conditions can be iteratively
improved. For this purpose predictor-corrector processes are invented by Noor
et al. [63] and Noor and Malik [64]. Further, the re-analysis method described by
Park and Kim [65] and Park et al. [66] can be applied for that purpose. A totally
different approach by Guiamatsia [67] bases the homogenization in thickness
direction not on a priori displacement assumptions but on the superposition of
certain fundamental states. Published results look promising, but limitations due to
the superposition process are not clear.

An up-to-date and elaborate overview over the different approaches is provided
by Kreja [68]. In conclusion it can be stated that for structures with common
slenderness rates and smooth loading the FSDT with improved transverse shear
stiffness can be regarded as a good choice. Transverse stresses should be deter-
mined by application of the equilibrium conditions. So far, only limited knowledge
is available with respect to the accuracy of layer-wise models. Engineering
judgment is still needed when deciding upon the model for stress analysis of
thicker layered structures. Depending on the conditions at hand it may rather be
suitable to use 3D finite elements right away.

10.4 Design and Optimization

10.4.1 Initial Design

Design is usually an ill-posed problem rather than a problem of optimization as
Kolpakov and Kolpakov [69] have pointed out. Anyway, structural design aims
at a solution well suited to the requirements and thus needs some type of
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optimization. With fiber composites this includes not only the choice of
material and thickness but also fiber directions and the stacking sequence. In
the early stage of the design process that requires simple and fast procedures
which not necessarily yield the optimal solution but lead into the right
direction. One such procedure places fibers in the direction of principle stress;
another one assumes three fiber directions and applies the netting theory, which
ignores the effect of the matrix material, to determine the corresponding layer
thickness. Besides other deficiencies as for instance outlined by Evans and
Gibson [70] both are applicable for membrane problems only. For special cases
like setting up a laminate with predetermined thermal extension or certain
stiffness in one direction there are diagrams available. Figure 10.3 provides
such a diagram. Moreover, ranking can be applied as a design procedure, where
the objective function is calculated for all suitable stacking sequences. Such an
approach is used by the laminate design programs RANKHO by Tan [71],
LamRank by Tsai [72] or ESAComp [73].

Vannucci et al. [74] lately proposed another procedure, which works for
so-called quasi-homogeneous laminates showing identical behavior in bending and
in extension. That allows reducing the optimization to the in-plane properties. For
these special cases stacking sequences can be determined which provide maximum
plate bending stiffness, buckling load or natural frequency. Lopes et al. [75, 76]
optimized the plate stacking sequence with respect to their impact resistance and
damage tolerance characteristics.

Fig. 10.3 Design diagram for a symmetric laminate with predetermined CTE in 08-direction
(layer properties: CTEparallel = -0, 8 9 10-6 K-1 CTEtransverse = 29 9 10-6 K-1)
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10.4.2 Structural Optimization

According to Eschenauer [77] structural optimization in general is based on three
columns: modeling the structural behavior, defining the objective function, and
selecting a suitable optimization strategy. The structural model should be as simple
as possible since it must be analyzed rather often, but the important features must
certainly be well described. The objective function specifies which quantity should
be taken to the optimum, e.g. the structural weight or the manufacturing cost; in
addition the variables as well as the constraints are defined. There are many
optimization strategies on the market. As Zimmermann [78] has pointed out, there
is no general optimal strategy, but it depends on the type of problem. Thus
choosing the best strategy needs experience. Ghiasi et al. [79] have reviewed a
large number of methods suitable for optimizing the stacking sequence of lami-
nated composites. They differentiate between gradient-based methods, direct
search methods including the popular simulated annealing and genetic algorithms,
as well as specialized algorithms like layer-wise optimization. A modified simu-
lated annealing method was proposed by Javidrad and Nouri [80] where more
freedom during the cooling process leads to an improved convergence. With a
similar method Akbulut and Sonmez [81] have found out that the design domain is
greatly enlarged by increasing the number of distinct lamina angles and the range
of values they may take. Gou et al. [82] analyzed the problem of aeroelastic
tailoring for aircraft wings using the bending-twisting coupling effect of laminates.
They found out that the genetic algorithm is preferable in case the flutter speed is
the objective function, whereas for optimal torsion rigidity a gradient method is
much faster. Lopez et al. [83] have optimized laminated plates under in-plane load
using maximum stress, Tsai-Wu, and Puck failure criteria. They have demon-
strated that an optimal design strongly depends on the chosen failure criterion, and
that none of the failure criteria is always the most or the least conservative when
different load conditions are applied. Azarafza et al. [84] have treated laminated
composite circular cylindrical shells subjected to compressive axial and transverse
transient dynamic loads. They performed multi-objective optimization of weight
and dynamic response using a genetic algorithm. It turned out that the dominant
constraint that affects the optimization process most is buckling. A cylindrical
shell under pure bending was optimized by Blom et al. [85] considering the
restrictions in manufacturing possibilities by means of tailored fiber placement.
Increasing the stiffness at the tension side and correspondingly reducing it at the
compression side increased the maximum buckling load. With the aid of a genetic
algorithm Almeida and Awruch [86] presented a technique for design optimization
of composite laminated structures in the geometric nonlinear range. A multiob-
jective optimization is performed, and a pareto-optimal set is obtained by shifting
the optimization emphasis using a weighting factor. Johansen and Lund [87]
applied a sensitivity analysis for maximizing the safety against failure of a fully
three dimensional laminated composite structure. Gillet et al. [88] used a genetic
algorithm to determine the relative importance of several design parameters. They
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found out that material parameters are of great influence whereas the fiber
orientation is of minor importance. Using particle swarm optimization Peng et al.
[89] designed fiber–metal laminates for maximum strength. After a thorough
investigation Ghiasi et al. [90] rated the optimality criterion methods to be first
choice if available. If not, multi-level optimization methods would be the best
candidates. If neither of these can be used they recommended a genetic algorithm
or a gradient-based method or a combination of these two.

Obviously there are sufficient optimization strategies and computational tools
available. Lack of knowledge, however, can be stated for the situation in the early
design phase. One of the few exceptions is the dissertation of Zimmermann [78],
which provides general information about the optimum layer sequences of axially
compressed cylindrical shells depending on the number of layers. Further, a word
of caution with respect to optimization seems to be adequate. Ottino [91] has
pointed to the fact that the optimal state can be a high-risk state and one should
rather strive for a robust solution. That also is one of the aspects treated by
Marzcyk [92]. Other than damage tolerant design, robust design adds probabilistic
uncertainties to the optimization process as has been discussed by Lee et al. [93]
with respect to composite panels.

10.5 Damage and Failure

10.5.1 Failure Criteria

Not even fiber composites can withstand unlimited loads. Because of the
anisotropy and inhomogeneity of composites the failure is a rather complex
process. Thus the difficulties to decide even for a suitable failure criterion under
quasi-static load are understandable to a certain extent. Most of the proposals are
formulated in stresses, but there are still some scientists who prefer a formulation
in strains. Further there is an alternative between interactive and non-interactive
criteria. Though the tendency goes to interactive criteria a few non-interactive ones
are still in use, sometimes with astonishingly good results. Regarding the inter-
active criteria some simply use a tensor polynomial as an extension of the von
Mieses criterion for ductile materials, and others apply more physically based
considerations. Still under discussion is the question whether or not the failure
envelop should be open or closed. Already in the mid 1980s Nahas [94] has
reviewed a large number of failure criteria. More recent is the excellent overview
provided in the compendium by Hinton et al. [95]. Further failure criteria are
developed for instance by Luccioni [96] and by Pinho et al. [97]. Cuntze [98] has
improved his own criterion through a single but effective modification of one inter-
fiber-failure condition. Stamblewski et al. [99] have used micromechanical
analysis results to feed into a quadratic criterion for which the enclosed volume is
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maximized. Lee and Soutis [100] found out that the compressive strength
decreases with increasing size of the test specimen, an effect which is not covered
by the available failure criteria.

In general one gets the impression that there are more than enough criteria;
urgently needed is a validation against reliable test data. In this respect the world-
wide failure exercise, the first phase of which is published by Hinton et al. [95] is
of great value.

10.5.2 Damage Progression

When the material strength limit is reached at a certain point in one single ply of
the laminated structure, as specified by a failure criterion, it usually does not mean
total failure. Damage progression under a further increasing load must be modeled
in order to determine the actual behavior. In principle the gradual failure process
can be modeled by fracture mechanical, damage mechanical and phenomenolog-
ical approaches. To that end Knops and Bögle [101] have set up a computer
program using degradation models which account for the gradual loss of stiffness.
Maimi et al. [102] proposed a thermodynamically consistent damage model based
on the LaRC04 failure criteria. A 3D progressive damage theory was used by
Cui et al. [103] to analyze the whole process of damage initiation and development
for composite laminates under impact loading as well as tensile load after impact.
Basu et al. [104] have developed a progressive damage growth model for
composite laminates under compression, and implemented it into the finite element
package ABAQUS. Based on a micromechanical approach Ha et al. [105]
proposed a progressive damage model to predict failure of composite laminates
under multi-axial mechanical as well as under thermal loads. Similarly, Zhang and
Zhang [106] accounted for the nonlinear material behavior as well as damage on
the micro-scale in the development of a macro-scale constitutive model which
describes the progressive failure process of composite laminates. A review of
degradation models for progressive failure of composites is provided by Garnich
and Akula [107].

10.5.3 Delamination

Delamination is a damage mode which needs special attention. It may be initiated
from manufacturing flaws, low velocity impact or the free edge effect. The usual
stress-based failure criteria are not suitable for calculating the delamination
progression; instead fracture mechanics methods are preferred. Rather popular is
the Vitual Crack Closure Technique as described by Rybicki and Kanninen [108],
which is implemented into several finite element programs. A modified version
was proposed by Riccio and Gigliotti [109]. As an alternative, Alfano and Crisfield
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[110] have proposed an analysis method using a cohesive-zone model combined
with interface elements. A theory presented by Xiao and Gillespie [111] improves
the prediction of the shear strength enhancement in the presence of friction and
compression. Davidson and Zhao [112] have set up a ‘limited input bilinear
criterion’ for mixed-mode delamination failure which needs data only from DCB,
SLB, and ENF tests for its characterization. Thus the models for simulating the
delamination progression seem to be well developed.

More involved is the simulation of buckling in the presence of delaminations.
The effects of rectangular and triangular local delaminations as well as asymmetric
sub-layers were treated by Wang and Lu [113]. The influence of stacking sequence
on the buckling load of plates with strip delaminations was analysed by Pekbey
and Sayman [114]. Lee and Park [115] applied an enhanced assumed strain solid
element for better simulate the local buckling mode at the delamination zone. Two
enveloped delaminations, one fully covering the other, were treated by Parlapalli
et al. [116]. They determined upper and lower bounds for the buckling load which
strongly depend on the locations and sizes of the two delaminations. Corre-
spondingly, Tafreshi [117] studied the effect of the size and location of a
delamination. He found out that for delaminations closer to the free surface of the
laminate failure will be due to delamination growth rather than buckling. On the
other hand, Aslan and Sahin [118] found out that for multiple delaminations
the largest and near-surface delamination affects the buckling load most, the size
of a beneath delamination has no significant effect. Kremer and Schürmann [119]
treated the problem of tension-loaded plates with cut-outs, which can buckle
because of local compression or shear. They showed that a shape optimized cut-
out runs risk to initiate buckling before reaching the fracture load.

If the composite structure undergoes impact or crash load the dynamic aspects
must be considered. Explicit finite element codes like PAM CRASH or LS-DYNA
contain suitable tools. Special procedures for treating delamination under impact
are proposed by Fleming [120] and Iannucci [121]. Williams et al. [122] used the
strain equivalence approach for setting up a model to predict impact damage
growth and its effects on the impact force histories in carbon fiber reinforced
plastic laminates. A damage model proposed by Iannucci and Ankersen [123] uses
damage variables assigned to tensile, compressive and shear damage at a lamina
level, thus allowing the total energy dissipated for each damage mode to be
controlled during a dynamic or impact event.

10.5.4 Fatigue

For structures from fiber composite material strength reduction due to fatigue
loading is well known to be comparatively small, but not negligible in the first
place. In his PhD thesis Talreja [124] has comprehensively described the failure
mechanisms which happen during fatigue loading. Since then the subject has been
intensively worked on leading to a large number of relevant publications.
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The book recently edited by Harris [125] gives an insight into the research state of
the art. Tests have shown that besides other parameters fatigue life heavily
depends on the stress ratio as depicted in Fig. 10.4. Simulation models which
accurately describe the damage progression during fatigue, however, are rare.

A linear damage accumulation hypothesis after Palmgren and Miner does not
account for the load sequence which is important for composites. The Marco-
Starkey model [126] is a nonlinear Miner rule the exponents of which must be
determined by tests. The Strength-Degradation model by Yang and Liu [127]
needs to measure the cycles to failure and the residual strength for every load
level, and in addition it is not applicable for notched structures. The Percent-
Failure rule requires fatigue tests for every load level. It can account for specific
load sequences by switching between corresponding S-N curves. Moisture reduces
the residual strength of GFRP equivalently to the reduction in static strength as has
been observed by Cerny and Mayer [128], an effect which is not accounted for in
the available models. For cross-ply laminates under constant amplitude tension-
tension or compression-compression loading a progressive fatigue damage model
was proposed by Shokrie and Taheri-Behrooz [129] and Taheri-Behrooz et al.
[130]. As input, however, static and fatigue properties of unidirectional composites
in longitudinal and transverse direction are needed. They must be measured in
corresponding tests. Damage initiation and damage propagation was studied by
May and Hallett [131] and May et al. [132] using cohesive interface elements.

Fig. 10.4 Effect of stress ratio on the fatigue life for a [02,-45,02, ? 45,0,90]s laminate from
T300/914C
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The model requires anticipating a potential matrix crack where the interface
elements are to be placed. After extensive discussions on the pros and cons of
existing models Quaresimin et al. [133] conclude that they are not fully satisfying,
some models even lead to non-conservative results. Especially for very high cycle
fatigue and the effect of temperature increase in epoxy resin reliable models do not
yet exist.

10.6 Manufacturing

10.6.1 Draping

In case of structures with a plane or developable surface placing the fibers in the
required direction is not a problem which needs simulation. However, if the
structures have a non-developable surface accurate draping is not simple and
simulation software can help finding an optimal solution. Accuracy and reliability
of simulation models, however, are still under discussion. Hancock and Potter
[134], for instance, investigated the simple pin jointed net model applied in reverse
to generate formable geometries. Later, the same authors [135] stated that the
conventional outputs of kinematic modeling are of limited applicability in
informing the hand lay-up process for complex surfaces. They proposed a novel
strategy for generating detailed unambiguous manufacturing instructions as a
method for enhancing the practicality of kinematic simulation tools. Vanclooster
et al. [136] compared the kinematic mapping against the explicit finite element
method and found out that the kinematic mapping approach severely fails in
predicting the fiber reorientation that occurs during stamp forming for non-
symmetrical forming configurations. The FEM-simulation gave a reasonably good
prediction of the fiber reorientation and seemed the most promising technique for
draping simulations. In spite of the ongoing discussion several software packages
provide tools for draping. In this context the program systems Catia V5 CPD
[137], Simulayt Advanced Fiber Modeler [138], Vistagy FiberSIM [139] and
Anaglyph Laminate Tools [140] are to be mentioned.

10.6.2 Resin Flow and Curing

Resin transfer molding has proven to be an efficient manufacturing technology.
Simulating the resin flow and the curing can help avoiding pitfalls. To prevent dry
spots Minaie and Chen [141] simplified the multiport resin flow as many
individual one-dimensional flows each of which extend from the gate to the vent
and are controlled independently by adjusting the pressure of the related inlet. In a
vacuum assisted resin transfer molding process Johnson and Pitchumani [142]
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used induction heating as a means of locally reducing viscosity to counteract the
effects of nonhomogeneity in the permeability of preform lay-ups. García et al.
[143] simulated the mould filling process within an updated Lagrangian frame-
work. The use of a meshless technique allowed avoiding the numerical difficulties
associated to the fluid properties transport through the whole domain in fixed mesh
simulations. For saving computer time Dong [144] proposed a two-step method,
where first, a design of experiment (DOE) approach is coupled with a 2-D control
volume finite element method simulation to calculate the equivalent permeability
and porosity for various process variable combinations. Second, the algorithm for
the through-thickness flow front construction is developed. A commercially
available software packages for flow simulation is RTM-Worx [145], which is
based on the finite element and control volume methods to solve the physical
equations that govern flow of a resin through a porous medium. Further, there is
PAM-RTM [146], which simulates preforming, considers different types of resin,
preheating of the mold, filling and curing using the Kamal Sourour model.

Manufacturing fiber composites accurate to measurement needs to account for
the thermal and chemical reactions at curing. They may lead to the so-called
spring-in which must be determined in order to counteract by forming a suitable
mould. Processing induced warping has been treated by Darrow and Smith [147],
who considered thickness cure shrinkage, mould expansion, and fiber volume
fraction gradients. More involved, but also more expensive is the simulation
presented by Cheung et al. [148]. They obtained the thermal equilibrium and
chemical kinetics during the curing phase of the resin transfer molding process
subject to mould temperature history and corresponding manufacturing process

Fig. 10.5 Modeling L-profile for spring-in simulation
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plans. Sweeting et al. [149] have studied numerically the distortion of circularly
curved flanged laminates. Different parameters influencing the distortion
of straight L and curved C profiles have been treated by Svanberg [150]. Straight
L- and Z-profiles have been analyzed by Spröwitz et al. [151]. They found out that
it is sufficient to model only the curved region with volume elements whereas the
flanges can do with shell elements, cf. Fig. 10.5. Based on a micromechanical
analysis Brauner et al. [152] concluded that thermal and chemical shrinkage must
be supplemented by matrix yielding and degradation in order to more accurately
simulate the curing stresses.

A number of manufacturing aspects can be adequately modeled as yet. It seems
desirable, however, to connect them to simulate the complete manufacturing chain.
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Chapter 11
Modeling of Manufacturing Uncertainties
by Multiscale Approaches

Janko Kreikemeier and David Chrupalla

Abstract In this chapter, a numerical multiscale modeling approach is presented
and discussed. It bases on the FE2 approach in which a simultaneous finite element
computation of the mechanical response at two different length scales is carried out at
each macroscopic integration point. The approach is suitable to obtain the global load
response of composite structures without omitting the effect of physical phenomena
at the local scale, as for example process-induced defects like voids or fiber waviness.

11.1 Classification of Manufacturing Uncertainties

The manufacturing of composite structures includes the risk of induced defects.
Voids and fiber waviness are critical and can be frequently found in composite
structures. These defect types reduce the material stiffness and strength and
deteriorate the performance of the structure. The predominant reasons for voids are
entrapped air that develops during the resin infiltration process, volatile gases that
occur during the curing process, or bad wettability behavior of the fibers. Voids
develop either within a ply (intralaminar) or between adjacent plies (interlaminar).
Fiber waviness defects on the other hand are often resulting during the
manufacturing of fiber textiles or the draping of dry textiles and prepregs.

In addition to research on how the manufacturing process can be improved to
avoid the occurrence of defects in composite structures, it is important to account
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for the influence of the defects on the load bearing behavior. Experimental,
numerical and analytical studies can be found in the literature [1–5].

Generally, the challenge is to obtain accurate results at the large structural
(global) scale at reasonable computational cost without omitting the effects of
relevant physical phenomena at a smaller (local) scale. Multiscale modeling
techniques are suitable methods to meet this challenge.

11.2 Brief Review on Multiscale Modeling

The most common method for the definition of complex microstructures is the
representative volume element (RVE) approach in conjunction with a numerical
homogenization scheme [6–8]. Dealing with multiscale modeling the dimensions
on the micro scale must be orders of magnitudes smaller compared to the structural
dimensions, i.e. LMicro « LMacro. Then the prerequisite of scale separation is ful-
filled. The scale separation as well as the homogenization scheme are point wise
procedures, i.e., the effective material behavior of one macroscopical material
point is obtained by means of a RVE of finite size [9].

In general the distinction between uncoupled as well as coupled homogeniza-
tion schemes is made. The uncoupled approach is used in case of linear elastic
materials and small deformations to obtain the effective response just once [10],
whereas the coupled approach should be used in case of finite deformations and
inelastic material behavior, e.g. to describe plasticity or damage phenomena [11–
14]. In contrast to the uncoupled homogenization scheme, both, the microscopic as
well as the macroscopic boundary value problem must be solved simultaneously
for the coupled approach at any time, because the effective material response is
highly dependent on the actual microscopic behavior. Hence, a smart solution
strategy should be used for minimizing computational effort.

If the assumption of scale separation does not hold true anymore, the scale
transition can be defined by using hierarchical multi scale approaches. A fine
discretization of the whole underlying microstructure is made in particular inter-
esting macroscopic regions [11, 15–17].

A FE2 approach is developed and implemented in [18, 19] into a general
purpose finite element program. A two scale approach is introduced to obtain the
effective constitutive response of the macroscopic region. This approach is named
FE2 since a simultaneous finite element computation of the mechanical response at
two different geometric scales is performed at each macroscopic integration point.
The whole approach is handled as a classical internal variable model where the
internal variables are taken from the microscopic data which are required by the
microscopic RVE calculation.

A multilevel finite element method is developed in [12] accounting for the
visco-plastic behavior of an aluminum material with a certain amount of voids.
The focus lies on the higher order homogenization scheme using the gradients of
the deformation measures within the constitutive relation.
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Continuous as well as discrete variational formulations are developed in [13]
for the homogenization of inelastic materials at finite strains by using an energy
storage function as well as a dissipation function to account for the effective
response of a general standard medium.

A two scale approach is introduced in [20] within the framework of small
deformations by using an analytical homogenization scheme, which is based on
the generalized method of cells (GMC) [21].

A micromechanical elasto-plastic damage model is presented in [22] in conjunction
with a RVE formulation to get the overall damage behavior of fiber reinforced matrix
composites. The approach is based on an exterior point Eshelby tensor for circular
inclusion problems [23] and the ensemble-averaged effective yield criterion.

In conclusion the development of multiscale modeling strategies is an ongoing
process. The great advantage must be seen within a detailed description of the
underlying microstructure. The macroscopic constitutive relations are completely
obtained by applying an appropriate homogenization scheme onto the microscopic
boundary value problem. The common feature of all of the approaches is a
simultaneous computation on the macro scale as well as on the micro scale. Thus,
the computational effort is very large, but the detailed description of all of the
micromechanical features as well as the ongoing improvements of computational
power and performance the research within this field is justified.

11.3 A Novel Multiscale Modeling Approach

A newly developed automated iterative loose coupling approach can be used to
describe the global behavior of heterogeneous structures [24]. The term ‘‘loose
coupling’’ refers to the indirect connection of the global and local finite element
(FE) models that are described by different systems of equations solved separately.
It works fully automated and takes into account the influence of the local FE
results at each iteration of the nonlinear global FE-analysis.

The global-to-local transition is realized by prescribed displacements at the
local boundary nodes. The displacements are derived from the strains obtained at
the Gaussian points of the global elements. The local-to-global transition is real-
ized via assigning homogenized stresses obtained from the solution of the local
boundary value problems to the global Gaussian points and updating the global
tangent stiffness operator for the Newton–Raphson scheme. Hotspot criteria, e.g.
failure criteria, are used at the global level to decide when it becomes necessary to
account for local effects. The steps for this approach can be summarized as
follows:

1. Definition of local models via hotspot criterion (Hashin failure criterion)
2. Global-to-local transition
3. Local-to-global transition
4. Numerical determination of the global tangent stiffness operator CM
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11.3.1 Definition of the Local Models

The global areas have to be chosen in which a local analysis becomes necessary.
This is done by evaluating Hashin’s failure criterion at the global Gaussian points.
Adjacent critical global areas are merged into one local model. The local models
represent a global area and not only one global Gaussian point. The local models
are much more detailed in terms of material modeling and mesh density.

11.3.2 Global-to-Local Transition

For the transition from global to local level, the displacements of the global nodes
at the surface of the local model are used as boundary conditions for the local
model. Thereby the global nodal displacements are only applied on the boundary
nodes of the local models, but not on its inner nodes. Thus, all inner local nodes
are unrestrained. On the other hand, the local boundary nodes that coincide with a
global node will get the exact value of the global nodal displacement. For all other
local boundary nodes in between the global nodes the respective nodal displace-
ments are interpolated via the global shape functions N whose order depends on
the used global elements. The displacements at the global nodes are calculated
from the strain field at the global Gaussian points. In case of small deformations
(geometrical linearity), higher order terms in the strain tensor are disregarded and
the displacement field is related to the strains via:

EL
M ¼

1
2

HM þHT
M

� �
ð11:1Þ

EL
M

Linearized Green–Lagrange strain tensor at the global level
HM Displacement gradient at the global level

The displacements at the global Gaussian points are calculated via:

uGauss ¼ EL
M � x0 ð11:2Þ

uGauss Displacement at one global Gaussian point
x0 Position vector of the global Gaussian point

The displacements at the global nodes are calculated via:

unode ¼ N�1 � uGauss ð11:3Þ

unode Vector of displacements at the global nodes
N Matrix of element shape functions
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In general, the interpolation of displacements at the local edge nodes in between
global nodes is calculated as:

ulocalnode ¼ Nlocalnode � unode ð11:4Þ

ulocalnode Vector of displacements at the local boundary nodes
Nlocalnode Matrix of global element shape functions at locations of local nodes

11.3.3 Local-to-Global Transition

The transition from local to global level is realized via averaged local stresses. The
local elements of one sub-domain which refers to one global integration point are
used to calculate the averaged quantities of the corresponding global integration
point. Thus, for each global integration point a separate averaged stress tensor is
calculated. In case of small deformations, the following simplifying assumption is
justified:

Tm � Pm � Sm ð11:5Þ

Tm Cauchy stress tensor at the local level
Pm First Piola–Kirchhoff stress tensor at the local level
Sm Second Piola–Kirchhoff stress tensor at the local level

Based on Eq. (11.5) the second Piola–Kirchhoff stress tensor at the global level
is calculated by averaging the stresses at the local level:

SM ¼
1

VSub

Z

VSub

SmdVSub ð11:6Þ

SM ¼
1

VSub

XNp

i¼1

SmiVmið Þ ð11:7Þ

SM Second Piola–Kirchhoff stress tensor of a single global integration point
Smi Second Piola–Kirchhoff stress tensor of the local integration points i
Vsub Reference volume of the local sub-domain
Vmi Volume associated with local integration point i
Np Number of integration points of the local sub-domain
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11.3.4 Numerical Determination of the Global
Tangent Stiffness Operator CM

Since the global analysis is nonlinear due to material nonlinearities at the local
scale, an updated global tangent stiffness operator for the Newton–Raphson
scheme has to be determined. This has to be done numerically since no analytical
solution is available. The differential quotient has to be formed for the numerical
calculation. This is done by solving six additional local boundary value problems,
where a small strain perturbation dEj is added to the j-th component of the global
strain tensor. The local boundary value problem is solved 6 more times within each
global iteration. The components of the global tangent stiffness operator are
defined in matrix notation by:

CS
M;ij ¼

SdEj;i � Shomogenized;i

dEj

; i ¼ 1. . .6; j ¼ 1. . .6 ð11:8Þ

CM,
S

ij Components of the global tangent stiffness operator
Shomogenized,i i-th component of the stress tensor at one local integration point,

obtained from averaging the local stress tensor
dEj Small perturbation to the j-th component of the global strain tensor
SdEj,i i-th component of the perturbed stress tensor

11.4 Numerical Example

A simple test case is investigated for a solid-to-solid coupling in order to illustrate the
feasibility of the approach in the commercial FE code ABAQUSTM [25] via manual
implementation of subroutines and scripts. The example consists of a bar subjected to
a tension load in its axial direction. One reference calculation without the coupling of
different modeling levels is compared to a calculation with the proposed multiscale
approach to verify the implementation of the multiscale approach.

11.4.1 Reference Calculations

The reference model has a mesh that consists of linear solid elements with a
cubical shape and an edge length of 0.5 mm. The bar has a length of 10 mm and
height and width are 2 mm. It is clamped on one side and has a displacement of
0.07 mm in the axial direction applied on the other side, as is shown in Fig. 11.1.
Geometric linearity is assumed due to small deformations. Orthotropic material
properties are defined for all elements. For the critical area in the center of the bar
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a nonlinear material model is used which is based on the model developed by
Ladevèze [26, 27]. Internal damage variables degrade the material stiffness with
increasing load in this model. While material nonlinearity is assumed in the ele-
ments that cover the critical area of the bar, all other elements have linear elastic
material behavior by definition. Fig. 11.1 shows the critical area in dark color and
the mesh of the reference model.

11.4.2 Calculation with Homogenization-Based Two-Way
Multiscale Approach

The global model has the same geometry, initial material properties, and boundary
conditions for the calculation with the homogenization-based two-way multiscale
approach as for the reference model. The difference is that the mesh consists only
of five elements. Moreover, the material nonlinearity is modeled by the multiscale
approach in the critical area of the bar, which is covered by one element at the
global level. The local model has the same size as the critical global element
and the same mesh density as the reference model. The material model is identical
at the local level and in the reference calculation. An overlay plot of the global and
the local model is shown in Fig. 11.2.

Fig. 11.1 Reference model: critical area and mesh
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In order to verify the feasibility of the coupling procedure in ABAQUSTM, no
hotspot criterion has been implemented at the global level yet to determine critical
areas. The global–local coupling procedure is performed in each global equilib-
rium iteration step of the solution process. The algorithm has the following form:

1. Initialize the global model
2. Begin next global load increment

(a) Perform prediction for next load increment
(b) Compute initial residuum

3. Begin next global iteration

(a) Compute initial tangent stiffness
(b) Perform correction: Compute displacement field from strains at global

Gaussian points

4. Create local boundary value problem
5. Solve boundary value problem
6. Homogenize stresses and assign them to the respective global iteration points
7. Calculate the global tangent stiffness operator numerically by solving six local

boundary value problems with a small perturbation applied successively to the
six components of the global strain tensor.

8. Compute updated global residuum.

(a) If residuum [ eps: GO TO 3b.

Fig. 11.2 Overlay plot of the global and the local FE-model
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(b) If residuum \ eps: GO TO 2.
(c) If residuum \ eps and final global load increment is reached: analysis

complete.

Figure 11.3 shows the load–displacement behavior of the two models in the
direction of the applied displacement. It is obvious that the results obtained from
the two calculations are almost identical which verifies the implementation of the
presented multiscale approach in ABAQUS. The deviations are less than 1% with
respect to the reference calculation and can be explained by numerical inaccura-
cies resulting from small rounding errors during the calculation.

11.5 Conclusion and Outlook

A novel automated iterative loose coupling approach is presented. It is possible
with this approach to describe the global behavior of a composite structure without
omitting the effect of physical phenomena like process-induced manufacturing
defects at a lower scale. The implementation in the commercial FE-code
ABAQUSTM is verified for the coupling of a solid element at the global scale with
several solid elements at the local scale. Only small deviations are observed
comparing the reference calculation and the multiscale approach.

The implementation of the approach will be enhanced to geometric nonlinearity
in future research. Furthermore, two-dimensional shell models and three-
dimensional solid models shall be coupled to compute large structures like panels
or barrels with manufacturing defects.

Fig. 11.3 Load-displacement curves of the multiscale approach and the reference calculation
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Chapter 12
Experimental Determination
of Interlaminar Material Properties
of Carbon Fiber Composites

Daniel Hartung and Martin Wiedemann

Abstract Non Crimp Fabric (NCF) provides a low-cost potential and competitive
advantages for thick composite structures. In this chapter, a method will be presented
to determine the interlaminar failure under combined through-thickness load
conditions. Additionally, the in-plane failure behaviour of NCF composite is
discussed and analysed. A new test setup, based on the idea of Arcan, determines the
material properties. Test results of combined through-thickness loading are pre-
sented by in the form of a shear-compression failure curve. The tests are reproducible
and reliable. The failure envelope is finally used to verify known failure criteria.

12.1 Introduction

Carbon fiber Non Crimp Fabric (NCF) provides advantages for industrial
manufacturing i.e. automated preforming capabilities, efficient infusion technol-
ogies and thus reduced processing time. NCF materials are made by stitching
together adjacent plies with a thin polyester yarn. The use of NCF composites for
thick structures is growing; therefore through-thickness stresses cannot be
neglected. Consequently, the failure and stress analysis requires the consideration
of the three dimensional stress states. Failure of thick composite material is
induced by interlaminar stresses between adjacent plies, which cause delamina-
tions. Generally, the delamination strength in the thickness direction is small
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compared to the fiber strength and restricts the applicability of composites struc-
tures. To test composite materials in their thickness direction under combined load
conditions requires an adequate test device.

12.2 Intra- and Inter-Laminar Failure Behaviour of NCF

It is often assumed that the failure behaviour of fiber composites can be separated
into fiber and inter-fiber failure modes: intralaminar (in the laminate plane) and
interlaminar (normal to the laminate plane). The allowable material strength along
the fiber is significantly higher than the inter-fiber strength. Table 12.1 shows the
difference between fiber strength and the intralaminar strength for a carbon Ultra
High Tension Strength (UTS) unidirectional single ply.

Due to the multi-axial fiber orientation of NCFs, the failure behaviour of the
laminate is in most cases driven by inter-fiber failure modes. Several authors
investigated the damage growth of composites under quasi static load conditions.
Many of them concluded that micro cracks accumulate continuously during
loading and drive the final failure behaviour of composites.

The micrograph image analysis supports this explanation. Figure 12.1 shows
different inter-fiber failures, i.e. from micro cracks up to delaminations of a
composite that consists of four NCF plies, each with two single plies in an
orthogonal orientation. The specimen has been loaded along the 908 direction.

Figure 12.2 shows micrograph images at four strain levels: 0.3, 0.6, 0.75 and
1.5%. No damages can be found at a strain level of 0.3%. At a strain level of 0.6%,
first inter-fiber damages in the form of micro cracks inside of a roving can be found.

Table 12.1 Maximum strength of unidirectional single ply (fiber: Tenax UTS 5632 12 K, resin:
RTM6)

Fiber strength
tension

Fiber strength
compression

Intralaminar
strength tension

Intralaminar strength
compression

Intralaminar
strength shear

R11
t R11

c R22
t R22

c R12

[MPa] [MPa] [MPa] [MPa] [MPa]
2,208 1,095 43 189 72
±84 ±0.1 ±1.0 ±1.0 ±5.2

Fig. 12.1 Section of the
NCF with characteristic
damages
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At higher strain levels, these micro cracks starts to accumulate. At the strain level of
0.75%, first delamination damages are visible. In principle, half the ultimate strain
level is sufficient to produce all damage phenomena, which finally results in the
composite failure. At the strain level of 1.5% a high damage density can be observed.

It is important to understand that micro cracks often are delamination onsets
and enable a delamination growth through the plies. Furthermore they can bridge
delaminations across single plies. In general, it is not possible to test a single
intralaminar failure mode separately.

The corresponding stress strain curve in Fig. 12.3 shows nearly linear material
behaviour. The ultimate material strength is identified by the load drop-off.

12.3 Interlaminar Test Methods

The complex failure behaviour of composites motivated many authors to develop
different interlaminar test methods. Several test concepts, specimen designs and test-
setups exist, but only a few of them produce test results for combined through-thickness
loading conditions and none of them with acceptable accuracy and reproducibility.

Fig. 12.2 Micrograph images at different strain levels

Fig. 12.3 Stress strain curve
of NCF under quasi static
load
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Some test methods determine appropriate single interlaminar properties. The
Iosipescu test used by Adams et al. [1] determines representative interlaminar
shear properties of composites. In principle, this test can also be used to test
combined load conditions. Balakrishnan et al. [2] and Bansal et al. [3] determined
combined interlaminar shear and compressive properties through a modified bi-
axial Iosipescu test. The double notched and rail shear tests are further possibilities
to determine interlaminar shear properties, but with these tests no combined load
conditions can be applied. Furthermore, Uenal et al. [4] and Hussain et al. [5]
noticed that bending stresses are superposed on the shear stress state, which causes
inaccurate interlaminar properties. Another popular method is to bend flat or
curved specimens. Avva et al. [6] and Greszczuk et al. [7] developed curved
specimens and determined the interlaminar properties. In general, bending causes
normal and shear stress components leading to relative complex stress states. The
determination of one single strength property is often difficult or not possible.

A method to analyse combined tensile and shear loads was originally published
by Arcan et al. [8]. Arcan has developed the specimen shown in Fig. 12.4 with two
asymmetric cut-outs. The specimen can be installed at different angles into a uni-
axial standard test device. Depending on the direction, single and combined shear
or tensile stress states are generated within a defined cross section (points A and
B). The sophisticated specimen geometry is a disadvantage, as it is generally
difficult to produce.

El-Hajjar et al. [9] published a modified concept with a smaller specimen
geometry, which is clamped to a steel fixture. Both test setups determine intralaminar
in-plane material properties and focus on determining properties for shear loading.

12.4 A Test Setup for Interlaminar Properties
Under Combined Loading

The concept acc. Fig. 12.5 has been developed to test combined and single
interlaminar properties. The test device allows measurement of properties for
single shear, tension and compression loads, as well as for combined shear loads.

Fig. 12.4 Specimen
geometry used by Arcan [6]
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The concept differs from other Arcan test concepts by the pair of lubricated linear
ball bearing systems on both sides of the test device. They provide a defined
movement of the test rig and therewith a precise deformation of the specimen.
Different types of specimen geometries can be tested by changing a rotatable insert
inside the test rig. This insert can be used in different orientations between 0 and
90� angles. The specimen is tested without any clamping or adhesive bonding.
This enables high test rates, but requires accurate production of specimen
geometries.

12.4.1 Material Preparation and Specimen Production

The specimens are produced from a flat NCF plate with a moderate thickness of
approximately 30 mm. The specimen plate used for the test is made of 60 NCF
plies in a symmetrical layup. Each NCF ply consists of two orthogonal single
unidirectional plies. The specimen plate is produced with the resin infusion
technology through an autoclave process.

A representative test requires homogeneous stress distributions within the test
sections of the specimens. It was found that tensile and shear loads cannot be
tested with identical geometries. Therefore, two types of specimen geometries are
designed. The tension specimen in Fig. 12.6 was primarily developed to determine
interlaminar properties under tensile loads. The tensile specimen is manufactured
with additional E-glass/epoxy composite tabs on the upper and the lower side of
the specimen. FE simulations revealed that the best homogenous tensile stress
distribution is generated with a specimen radius of 12 mm.

Fig. 12.5 Bi-axial test device to determine interlaminar properties
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The specimen in Fig. 12.7 is used to determine interlaminar properties under
shear loads as well as for combined loading. It was found that a notch radius of
1 mm provides the best compromise between a narrow notch to generate homo-
geneous shear stress distributions and a representative part of the cross-ply NCF
for the shear specimen.

The tested cross section of both specimens has a width of 10 mm and a length
of 10 mm. The specimens are tested without clamping or bonding. Therefore the
test load introduction into the specimen is critical. The rectangular contour of the
shear specimen provides a reliable load transfer. The load is introduced into the
tension specimen via wedges on the upper and the lower side of the specimen.

12.4.2 Testing and Analysis of the Results

It is assumed that the applied test force Fp is always a superposition of a normal

Fp;N ¼ Fp cos w ð12:1Þ

and a transversal

Fp;T ¼ Fp sin w ð12:2Þ

Fig. 12.6 Interlaminar
tensile specimen
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component. It can therefore be split into two terms according to the orientation
angle w of the specimen in relation to the machine coordinate system of the test
device. The load ratio

fbiax ¼
Fp;N

Fp;T
ð12:3Þ

determines the ratio between longitudinal and transversal loading. Table 12.2 uses
this load ratio to determine the failure load under combined loading.

Furthermore, it is assumed that the specimens will fail at their narrowest cross
section. Accordingly, this section determines the material strength properties.

Figure 12.8 shows the stress strain curves of the interlaminar shear and inter-
laminar tensile tests. The results for the various similar test specimens show that
the test determines consistent and reliable material properties.

The specimen failure and the maximum interlaminar strength are clearly
identified by the load drop of the stress strain curve. The determination of the
material strength under compression is more difficult, because the measured test
result could not be conclusively assigned to the compression strength. Figure 12.9
shows two test results for combined compression-shear loads. The 45� loading
angle corresponds to a balance of shear and compression. It shows a load drop at
approximately 13 kN test force. At a load ratio corresponding to a 60� angle in the
test device, i.e. leading to a slightly higher compression, no load drop is observed
anymore. Although compressive loads cause micro-cracks, the material can be

Fig. 12.7 Interlaminar shear
specimen
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continuously loaded. Under high compression load the specimen does not fail by
separation, i.e. breaking into two parts, as observed under tensile or shear loads.
Therefore, combined shear-compression properties at higher compression or pure
compression strength properties could not be determined by the analysis of the
load displacement curve. But combined shear-compression strength can be
determined up to the limit of a balanced compression-shear load ratio corre-
sponding to a 45� angle on the test device.

To determine compression strength at higher compression-shear load ratios, it is
assumed that the strength can be specified at the first discontinuity of the load
displacement curve.

12.4.3 Results for Combined Interlaminar Loads

Figure 12.10 shows test results for tensile as well as for combined shear and
compression loads. It was found that the overall strength increases with a growing
compression to shear ratio up to a certain limit. It was observed that the scatter of

Table 12.2 Interlaminar strength under combined and single loads

Specimen Load ratio (%) Tension/compression max. strength Shear max. strength
fbiax [MPa] [MPa]

Tension 0 41,123.83 0
Shear 0 0 47,725.51
Shear 15 -15,861.01 59,203.73
Shear 30 -42,464.39 73,544.39
Shear 45 -91,628.24 92,628.24
Shear 60 -137,6679.48 11,366.56

Fig. 12.8 Load–displacement curve for the shear and tensile test. a Interlaminar shear load. b
Interlaminar tension load
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test results becomes larger for increasing load ratios. The interlaminar tensile
strength is nearly equal to the intralaminar strength in Table 12.1. This is in good
agreement with the assumption that a thick composite material provides the same
intralaminar and interlaminar tensile strength transversal to the fiber direction.

The measured strength values are summarised in Table 12.2. The interlaminar
tension strength has been determined with tension specimens, the combined
interlaminar shear and compression strength with shear specimens. The biaxial
load ratio fbiax defines a relation of the compression or tensile strength normal and
transversal to the material orientation according to equation [6].

Figure 12.10 also shows the interlaminar strength prediction according to the
maximum stress criterion, to the polynomial criterion of Tsai and Wu [10] and to
the fracture hypothesis of Puck. According to Puck and Tsai-Wu the failure
envelopes increase under combined shear and compression loads. The maximum
stress criterion provides a rough approach with a constant behaviour under

Fig. 12.9 Combined compression-shear load-displacement curve

Fig. 12.10 Interlaminar material strength and failure criteria envelops
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combined interlaminar loads. Especially the hypothesis of Puck provides an ade-
quate approximation of the failure envelope. Although the increase in strength
under increasing compression-shear ratio is also predicted by Tsai and Wu, their
criterion uses the intralaminar shear strength to also predict the interlaminar shear
strength and overestimates the maximum strength under interlaminar shear loads.

It shall be noticed that all failure approaches are based on linear elastic material
behaviour, whereas the measurements reveal a nonlinear material behaviour, even
before the material strength limit is reached.

12.5 Conclusion

Research so far has been mainly focused to the composite failure mechanism due
to intralaminar loading, whereas the interlaminar failure behaviour under com-
bined loads in the thickness direction has been treated relatively seldom in the
literature. Micrograph images of NCF laminates tested under in-plane loads show
damages in different interacting inter-fiber modes. Micro cracks, which are an
intralaminar failure mode, interact with interlaminar damage modes. A new test
setup enables the determination of interlaminar properties under combined load
conditions. The advantage of the presented test method is the determination of
interlaminar strength properties of composite under well defined combined load
cases. The test results show an increasing strength towards increasing compres-
sion-shear load ratios. This behaviour corresponds to the failure envelopes of the
hypothesis from Puck and Tsai-Wu, but the onset of damage starts at lower load
levels. Although the known failure hypothesis corresponds to the measurements,
the nonlinear damaging behaviour is not covered.
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Chapter 13
Impact and Residual Strength Assessment
Methodologies

Luise Kärger, Jens Baaran and Anja Wetzel

Abstract In this chapter, efficient methodologies to evaluate impact resistance
and damage tolerance of composite structures are introduced. Internal non-visible
or barely visible impact damage (NVID, BVID) can provoke a significant strength
and stability reduction in monolithic composite structures as well as in composite
sandwich structures. Therefore, methodologies have been developed to reliably
simulate the dynamic response and to predict the impact damage size that develops
during low-velocity impact (LVI) events. Additionally, methods for the prediction
of the compression-after-impact (CAI) strength are presented. Special attention is
given to the impact assessment methodologies, which have been implemented in
the DLR in-house tool CODAC. Simulation results of CODAC are presented and
compared to experimental results.

13.1 Failure Analysis with Damage Initiation
and Degradation

Adequately modelling the failure behaviour of composite materials is essential for an
effective impact assessment. Firstly, the amount of damage indicates the residual
strength of an impacted structure and is, therefore, the most important result of an
impact analysis. Secondly, failure progression during an impact event can consid-
erably influence the impact behaviour of the specimen. Consequently, material
degradation needs to be taken into account. A comprehensive review of damage and
failure models is given in Sect. 10.5. Specific failure assessment methodologies on a
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local scale are presented in Chaps. 11 and 12. The present section focuses on damage
models, which are suitable for impact and CAI analysis.

13.1.1 Damage Models for Monolithic Composites

The three failure modes that typically occur during impact are fiber breakage,
matrix cracking and delamination. They greatly differ in their behaviour and need
to be treated separately in simulation. Thus, mode specific stress based failure
criteria are usually applied. Damage evolution is accounted for by reducing
specific stiffness components to specific values, depending on the failure mode.

An insight into the diversity of available composite failure criteria is given in
Sect. 10.5.1. Many such criteria are available for application to static problems.
However, their application for impact analysis is contentious. For instance Hashin
[1] as well as Puck and Schürmann [2] recommend not to use their physically-
based failure criteria for impact analysis. On the other hand, Choi and Chang [3] as
well as Chai [4] developed delamination criteria particularly for the modelling of
low-velocity impacts. Regarding fiber breakage, the maximum stress criterion is
sufficient in most practical cases. However, criteria for impact induced matrix
failure are difficult to validate due to a lack of experimental results.

An overview of modelling strategies of degradation and damage progression
can be found in Sect. 10.5.2. The softening effect due to failure can be critical for
both, impact and CAI. The reduction of the stiffness Qij of the damaged region via
degradation factors Dij as in
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is a straight forward damage mechanics approach. The reduction depends on the
combination of damage modes, cf. Kärger et al. [5]. Fiber failure is important for
any type of loading and has a strong influence on in-plane stiffness and strength.
Delamination strongly affects the CAI strength, cf Sect. 13.3.1, but does not have
much influence on the impact behaviour. Matrix cracks have little direct influence
on the stiffness, but can extend to interfaces between layers and, thus, lead to
delaminations or even fiber cracks.

13.1.2 Core and Skin Damage in Sandwich Structures

Composite sandwich structures consist of two thin, stiff composite skins and an
intermediate lightweight core. Nevertheless, impact damage in sandwich structures
(Fig. 13.1) can provoke a significant strength and stability reduction.
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While skin damage, such as large cracks and indentations, may be visible, the
amount of core damage can only be detected by expensive Non Destructive
Testing (NDT) methods. The core fails due to combined shear and compression.
Consequently, a failure criterion, which includes both, transverse normal and
transverse shear stresses, such as Besant et al. [6], is recommended. To model the
damage progression of the core, the stress–strain-path of the core material was
investigated exemplarily [7]. After reaching ultimate strength, the core crushes at a
certain stress level. The remaining crush strength plus a residual crush stiffness are
taken into account by a step-wise linear failure function [8].

Damage models of monolithic laminates (Sect. 13.1.1) are available for the
prediction of skin failure. Impacted, thin sandwich skins are dominated by
membrane stresses. Since fiber breakage is the dominant failure mode, the
maximum stress criterion is sufficient to predict impact failure. To describe skin
failure progression during impact, a macro-mechanical, step-wise linear function
was proposed by Kärger et al. [9]. For an efficient CAI analysis, Wetzel [10]
considered initial damage (indentation, stiffness degradation) and core damage
progression, but neglected skin damage progression.

13.2 Impact Analysis

For low-velocity impacts, the amount of damage can be analysed using iterative
static analysis combined with the energy theorem of the contact problem [11].
Alternatively, a dynamic analysis can be chosen. The advantage of the latter is that
the numerically obtained transient impact response can be validated by comparing
it to respective experimental results. The impactor is usually coupled to the
composite plate using the Hertzian contact law.

The DLR in-house tool CODAC, which aims for an efficient impact analysis,
applies the implicit Newmark time integration scheme in order to reproduce the
transient impact event. Further information on the impact analysis in CODAC can
be found in [8, 9, 12].

Fig. 13.1 Impact damage in a sandwich with composite skin and folded core
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13.2.1 Impact on a Monolithic Composite Panel

In the past, a great amount of research has be done to enable the prediction of
impact damage in composite structures. Abrate [11] gives a good overview of
impact studies on composite materials. The effects of local damage on the impact
behaviour and on the load bearing capacity have been studied by several authors
with differing focus. A short literature review can be found in [5].

Impacted composite panels are usually modelled with shell elements based on
the first order shear deformation theory. However, transverse stiffness and stresses
are important for the damage progression during impact. Thus, the Extended 2D
Method by Rolfes and Rohwer [13] has been implemented in CODAC to improve
the transverse properties.

Impact simulation results in the shape of damage areas are illustrated in
Fig. 13.2. To model the complex damage state that develops during impact, a
damage mechanics methodology according to Sect. 13.1.1 is applied in CODAC.
For each Gauss point and each ply, the damage states are stored in a database and
updated in real-time during the analysis [12]. In the presented example [14] a
5 mm thick composite plate was impacted with 30 J. Two different failure criteria
have been applied and compared to test results. Due to a lack of experimental data,
unfortunately, fiber and matrix cracking often cannot be properly assessed. In
terms of delamination areas, the Chai failure criterion [4] provided better results
than the Choi/Chang criterion [3].

In addition to the computed damage state, the force–time history is another
important result of an impact analysis. Through maximum contact force and
sudden curve drops or kinks, it provides information on the overall impact
behaviour and on the damage progression. For the above presented impact test
program, unfortunately, force–time histories were not available. A further impact
test program is discussed in [12], where force–time histories are compared to
experimental results, cf. Fig. 13.3.

13.2.2 Impact on a Composite Sandwich Panel

Since impact damage in sandwich structures can provoke a significant reduction in
strength and stability, the number of publications has greatly increased in the last
10 years. Numerous experimental studies were conducted to observe the impact
damage progression. Several methodologies have been developed to predict the impact
response and the amount of impact damage. While simple analytical approaches
require less computational effort, FE-based approaches generally attain a more
accurate description of the impact response. Literature reviews can be found in [8, 9].

An important requirement for suitably simulating impact damage is the accurate
approximation of in-plane and transverse stresses. For that reason, two new three-
layered shell elements have been developed and implemented into CODAC.
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The first element, proposed by Kärger et al. [15], is based on a plane stress
assumption and applies improved transverse stiffness and stresses by means of an
enhanced Extended 2D Method. The second sandwich element, proposed by
Wetzel et al. [16], accounts for the full 3D stress state and, thus, provides a higher
accuracy for concentrated out-of-plane loads. Moreover, the strain–displacement
relation is enhanced by nonlinear terms to take into account the membrane effect

Fig. 13.2 Test result versus damage areas of two damage models [14]. a Test result.
b Choi/Chang with degradation. c Chai with degradation

Fig. 13.3 Force–time history for a mid-bay impact on a two-stringer panel [12]
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of large deflections in the impacted skin. Although it is computationally more
expensive, it is recommended for the impact simulation in CODAC.

The complex impact damage behaviour of composite sandwich structures is
modelled using the damage mechanics approach described in Sect. 13.1.2. Similar to
the impact analysis of monolithic structures, the damage states of each Gauss point
and each ply are stored in a database and updated in real-time during the analysis.

Impact simulation results, such as force–time histories and core damage areas, are
illustrated in Fig. 13.4. In this study [9], a sandwich plate, with a 28 mm thick
honeycomb core and a 0.63 mm thin CFRP skin, was impacted by energies between
1 and 15 J. Up to the onset of skin tearing at contact forces larger than 1 kN, it could
be experimentally validated that force–time histories as well as core damage areas
are well predicted by simulation. For higher energies, the core damage is properly
limited by a lower and an upper bound. Furthermore, the presence of clearly visible
skin damage is properly predicted. The lower bound represents the core damage at
the moment when the skin starts to tear. The upper bound of the core damage is
computed assuming an intact skin during the whole impact simulation.

13.3 Residual Strength Analysis

NVID/BVID can have a substantial effect on the load bearing capability of the
composite laminate. This is particularly pronounced when delaminations locally
split a monolithic laminate into several sublaminates, or if the core material of a
sandwich structure loses its out-of-plane stiffness. Such damage not only reduces
bending stiffness and strength, but also causes local instability. Compressive
loading may cause these local instability effects, requiring an assessment of the
residual, compression-after-impact (CAI) strength.

13.3.1 CAI Analysis for Monolithic Composites

Impact induced delaminations split a monolithic laminate into several sublaminates
and, thus, cause a considerable local stiffness reduction. During postbuckling of the

simulation
(upper bound)

simulation
(lower bound)

0.0

0.4

0.8

1.2

0 1 2 3
t  in ms

F
 in

 k
N

test

simulation

test

Size of core damage:

Fig. 13.4 Simulation results: Force-time history and core damage compared with test results
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sublaminates, the delamination region will behave like a soft inclusion. This leads to
stress concentrations at the crack tips of the delamination. These stress concentra-
tions may cause further delamination and damage growth and, in the worst case, lead
to failure of a complete structure before the compressive strength of the undamaged
laminate is reached.

Assuming a composite laminate of negligible curvature under plane stress, the
stiffness loss of the delaminated region can be modeled using a Ritz approach to
analyze sublaminate buckling [17]. This Ritz approach can be repeatedly applied
to damaged regions with multiple stacked delaminations. It accounts for the fact
that buckling of inner sublaminates is prevented by yet unbuckled adjacent
sublaminates. Subsequently, stiffness reduction factors can be derived from these
buckling loads [18]. Additional stiffness reduction caused by matrix cracking and
fiber breakage should also be considered (Sect. 13.1.1), since the presence of these
damage modes can further reduce the CAI strength.

A standard FE evaluation of the composite structure that accounts for reduction
of stiffness can predict the stress concentration. A point-stress or average-stress
fracture criterion can be used to predict damage growth. Tang et al. [18] proposed
a semi-empirical point-stress fracture criterion, the so-called Damage Influence
Criterion (DIC), for application to NVID/BVID. The DIC assumes failure in the
cross section through the center of the damage, perpendicular to the uniaxial
loading of the laminate.

Figure 13.5 shows a typical development of the uniaxial residual compressive
strength for 4.5 mm thick specimens that were impacted with increasing impact
energies. In this case, an impact energy of 10 J reduces the compressive strength
already by about 50%. For higher energies, the residual strength is further reduced,
but to a much smaller extent.

The present simulation approach, which applies the DIC (CODAC), reproduces
this behavior quite well. The CODAC approach is compared to another approach
(IDAT), where the CAI analysis is performed by an implicit, non-linear static FE
solution using ABAQUS/Standard. Further details about the CAI analysis and
validation results can be found in [5, 14].

Fig. 13.5 Reduction of
residual strength for
increasing impact energy.
Present methodology
(CODAC) and alternative
approach (IDAT) compared
to test results [14]
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13.3.2 CAI Analysis for Composite Sandwich Structures

Low-velocity impact on composite sandwich structures typically causes a barely
visible permanent indentation accompanied by invisible core damage below the
indented face sheet. Compressive failure of impact damaged composite sandwich
structures is often initiated by the growth of the initial permanent indentation in the
direction perpendicular to the applied loading, cf. Fig. 13.6. This is accompanied
by further core damage [19].

For the analysis of unsymmetrical honeycomb sandwich structures, a 3D FE
model was used. The relatively thick core was modelled with volume elements and
the thin face sheets with composite shell elements. In order to obtain accurate
results, a careful evaluation of transverse stiffness and strength properties is
essential. According to experiments (cf. Sect. 13.1.2), the post-failure reduction of
transverse normal and transverse shear stiffness of the sandwich core was
modelled using degradation factors of 0.2 and 0.01, respectively, cf. Eq. (13.1).
This simple approach has been found to model the crushing behaviour of the core
in an acceptable manner [10, 20]. The example in Fig. 13.7 shows that strain gauge
measurements outside of the damage area (strain gauges 10 and 11) correspond
well with the simulation results. Also, inside the damage area (strain gauge 13), the
strains are predicted quite accurately up to a compressive load of about 40 kN.
Close to the border of the damage the stiffness reduction is less severe than in the
centre of the damage area, where a larger amount of fiber and matrix fracture is
expected. This might be the reason, why the simulation overestimates compressive
strains at strain gauge 12, which is located on the border of the face sheet and the
core damage resulting from the 4 J impact.

In order to improve computational efficiency, a non-linear semi-analytical Ritz
method has been developed, which uses a 1-parameter stiffness model of the
Winkler type for the core material. Instead of the core degradation model used for
the 3D approach, a simplified model by Olsson [21] is applied here.

Unless face sheet damage substantially influences the compressive failure of the
sandwich structure, the semi-analytical Ritz approach provides a very efficient

Fig. 13.6 Growth of impact indentation for compressive loading in vertical direction (increasing
from left to right) [10]. Source ILR, TU Dresden
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means for the assessment of the CAI strength of sandwich structures. While
accounting for face sheet damage is possible in principle, the Ritz approach loses
its advantage in computational efficiency over a FE approach [10, 20].
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Chapter 14
Improved Stability Analysis of Thin
Walled Stiffened and Unstiffened
Composite Structures: Experiment
and Simulation

Dirk Wilckens, Alexander Kling and Richard Degenhardt

Abstract This section deals with the experimental and numerical stability anal-
ysis of thin walled composite structures. Two different types of composite struc-
tures are considered. An unstiffened cylinder which is very sensitive to
imperfections and used for basic research, and a stringer stiffened panel that is
more related to aircraft fuselage structures. Both types of structures are loaded in
axial compression. A set of different measurement systems has been applied before
and during the tests in order to gather as much information as possible about the
structure and its imperfections, as well as about the behaviour under load.
Advanced optical measurement systems, for instance, have been utilized to
monitor the failure in the skin-stringer interface of the stiffened panels. Exemplary
test results are presented and compared to numerical simulations.

14.1 Stability Analysis of Stringer Stiffened Curved CFRP
Panels

The present paragraph deals with stiffened structures that are regarded as repre-
sentative parts of an aircraft fuselage which to date in most cases consists of
orthotropic stiffened shells. This research work aimed to contribute to establish an
advanced design scenario (Fig. 14.1) in which local skin buckling is permitted
clearly below limit load (LL). This can for instance, depending on the design
scenario, be 0.7 LL for axial compression loading. For different loading, i.e. shear
or combined loading, this factor can be different. Such a scenario contributes to
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exploit the load carrying capacities in the post buckling region and finally leads to
a remarkable weight reduction. However, it has to be secured that global stringer
based buckling, which can be regarded as the total loss of stability and the load
carrying capacity of the panel, occurs clearly above ultimate load (UL). Current
design approaches do not take this potential into account since in the post critical
area damage with the corresponding degradation in the laminate and the skin
stringer interface may occur which finally leads to the collapse of the structure;
this presently is not simulated accurately enough numerically in the design pro-
cess. Including these effects in the nonlinear post buckling simulation of stiffened
CFRP structures requires numerical models that include the geometric as well as
the material nonlinear nature of the structural response. These models are essential
in the design and analysis process to investigate and to predict how deep into the
post buckling regime can be loaded without onset of degradation. The test struc-
tures described here are investigated under axial compression to study their post
buckling and collapse behaviour und finally to build a sound basis for the vali-
dation of computational methods, either numerical approaches or analytical ones.

This contribution summarizes activities on stiffened panels at DLR and describes
the capabilities of the buckling test facility in combination with the applied mea-
surement systems. The current extension of the DLR buckling test facility to apply
axial compression and shear loading at the same time is described in Chap. 16 of
this book. Results of stability tests of stringer stiffened structures are also published
by Cordisco and Bisagni [1] as well as Abramovich and Weller [2]. Additional
results from previously performed buckling tests of stiffened structures were pub-
lished by Zimmermann [3], Bisagni and Cordisco [4] and Abramovich [5].

14.1.1 Test Structures

In the context described above, several stringer stiffened panels were tested under
axial compression. Two different panel designs are exemplarily described that

Fig. 14.1 Current and future design scenario
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were aimed to build up such a data base for validation purposes. The first one
(Fig. 14.2 left) was designed with the objective to have a large post buckling
region even after the transition to global buckling where skin stringer separation is
expected to occur and hence can be monitored over a reasonable shortening
regime. The second design (Fig. 14.2 right) reflects a more industrial oriented
design without a distinct global buckling regime. The design process is described
in more detail in [6]. In order to ensure repeatability and confidence in the test
results a reasonable number of test panels per design is required within a validation
context, cf. Chap. 9 of this book. The panels were made of the CFRP prepreg IM7/
8552, the properties of which are determined in coupon tests for each study. The
detailed geometry and the material properties are included in the detailed dis-
cussion of the buckling tests published by Wilckens et al. [7] and Degenhardt et al.
[8, 9]. Undamaged as well as pre-damaged test panels have been considered
whereas the kind of pre-damage was introduced either by a Teflon strip beneath the
stringer foot across the whole width of the stiffener or by an impact from the skin
side of the panel in the area of the stringer foot. Moreover, in order to trigger and
to examine the progressing separation in the skin-stringer interface, cyclic loading
by means of repeated quasi static loading was applied on both, the undamaged and
also the pre-damaged panels. The load was applied displacement controlled and
reduced to zero in between the cycles.

14.1.2 Test Preparation

In order to examine the quality of the structures and therefore to be able to evaluate
the test results properly, they were examined with NDI by means of ultra sonic
inspection and photogrammetric imperfection measurement. To ensure a uniform
load introduction during the buckling test the end blocks are milled before casting
into the final end blocks. The boundary conditions can be approximated as clamped

Fig. 14.2 Test panel representing a specific design for a large post buckling regime (left) and an
industrial design (right)
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with a fixed axial displacement at the upper panel edge and the displacement
controlled load introduction at the lower edge. In Fig. 14.3, US inspection results
for the panel exemplarily discussed in the next paragraph are depicted in terms of
the flaw echo of the skin (left) and the rear side echo of the skin stringer connection
(middle). They reveal only minor inhomogeneities. The plot at the right hand side
shows the deviations from a best fit cylinder generated from the measured points of
the real panel. The initial imperfection is smaller than the skin thickness and thus
the panel is well suited for the investigation of the stability behaviour. During the
test, depending on the objective of the test, different requirements arise on the
experiments in terms of the monitoring of what has to be measured. This can be the
buckling load, the load shortening path, i.e. the structural stiffness in the pre- and
post buckling regime but also the onset and propagation of damage and finally the
collapse of the structure. For this reason, appropriate measurement systems need to
be utilized. In the investigations summarized here, a major objective was to study
the collapse behaviour of the panel that in many cases is initiated or driven by the
separation of the stiffeners from the skin. Therefore, load shortening and strain
gauge data as well as DIC (photogrammetric deformation measurement)
measurements were utilized to gather information about the structural response.
Optical Lock-in Thermography (OLT) was applied in order to track the initiation
process and the propagation of the skin stringer separation. The DIC pictures were
taken from the stringer side of the panel. The front side was kept clean for the
thermography measurements. A detailed discussion of the test setup and the
application of the measurement systems was published by Degenhardt et al. [9].

14.1.3 Test Results of a Cyclic and Collapse Test

The test result for an undamaged panel is described in this paragraph. The panel
was designed for a large post buckling regime (radius = 1000 mm, free buckling

Fig. 14.3 US inspection (left and middle) and imperfection measurement (right)
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length = 660 mm, skin thickness = 1 mm, stringer pitch = 132 mm). It was
subjected to cyclic axial compression. Before the collapse test, the panel was
cycled 4,200 times with different amplitudes. The sequence and the load amplitude
for the cycling was determined based on results from previous tests of a nominally
identical panel and was related to the buckling load, the onset of global buckling or
the collapse load of these panels.

The load shortening curves in Fig. 14.4 show the decreasing load carrying
capacity of the panel during cycling in the regime beyond global stringer based
buckling. The buckling load as well as the local post buckling stiffness and the
point of transition to global bucking decreases with progressing failure in the skin-
stringer connection leading to separation of the stiffener from the skin. This occurs
in regions where large deflections resulting from local and global buckling lead to
severe stress concentrations. An example of the progressing damage in the skin
stringer interface is given in Fig. 14.5 showing the thermography images at cycle
2,400 and 3,600 (middle and right) as well as the corresponding typical out-of
plane deformation recorded through DIC.

It is remarkable that for cycling in the local post buckling regime for the first
2,000 cycles up to about 1.0 mm shortening the stiffness has neither changed nor
did the thermography images show any indication of failure. This observation was
also made during further tests on undamaged and pre-damaged panels [7, 8].

After the test the structure was again inspected by ultrasonic inspection. The
comparison of the US image and the OLT measurement after the test (Fig. 14.6)
shows a good agreement and thus proves the applicability of the OLT method for
the detection of damages in the structure.

14.1.4 Test–Simulation Correlation

As mentioned above, the buckling tests were conducted in order to create a data
basis for the validation of the simulation models that are capable of accounting for
the effects occurring during the tests. The curves in Fig. 14.7 show the comparison
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of the simulation results with the respective test curves for a stiffened CFRP panel
of the same design as discussed in the previous paragraph. The simulation was
conducted using ABAQUS/Standard utilizing the Newton–Raphson Method with
artificial damping. The model was build up with four node shell elements of type
S4R. It can be concluded that the pre- and post buckling stiffness as well as the

Fig. 14.5 DIC image at u = 2.0 mm (left) and OLT images after 2,400 cycles (middle) and
3,600 cycles (right)

Fig. 14.6 Comparison of OLT image (left) and US measurements after collapse
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buckling load corresponds very well to the experimental results. Hence, the geo-
metric nonlinear behaviour can be simulated reliably with current non-linear FEM
software. Since the FEM simulation of the post buckling behaviour of CFRP
structures is still time consuming, approaches have been developed suitable for the
efficient simulation of the nonlinear structural behaviour and which can be used in
a rather early stage of the development of a fuselage structure. A Ritz based
simulation tool was developed by Bürmann for isotropic material [10] and
extended by Wilckens for CFRP [11]. An alternative approach based on a reduced
basis technique was published by Kling [12]. The failure and collapse mechanism,
however, is still challenging. An approach was reported by Degenhardt et al. [6]
using a simple degradation model implemented via ABAQUS User Subroutines.
Another approach is to model the adhesive layer with interface elements with a
cohesive law that are able to simulate the debonding process. This approach was
found to be very time consuming and depended on properties for the energy
release rates which themselves reveal a large scatter.

14.2 Stability Analysis of Unstiffened CFRP
Cylindrical Shells

Unstiffened thin-walled cylindrical shells subjected to axial compression exhibit
not only a high load carrying capacity but are also prone to buckling. Unlike for
stiffened structures described in the previous paragraph, the stability behaviour of
these structures is extremely sensitive to imperfections. These imperfections are
defined as deviations from perfect parameters that can be for instance the geom-
etry, the material properties and also the distribution of the applied external loads.
To account for these imperfections lowering the real buckling load from the
theoretical one, knock down factors are applied as proposed in the NASA SP-8007
guideline. However, these factors are very conservative and they do not reflect the
characteristics of composite material adequately. In this context, studies with
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unstiffened cylindrical CFRP shells aim to achieve more realistic knock down
factors and also to build a validation basis for the numerical methods.

For the test of CFRP cylindrical shells loaded under axial compression an
example is given here. The radius of the cylinder was 250 mm; the free buckling
length was 500 mm with a skin thickness of 0.5 mm. The material in this study
was the CFRP prepreg system IM7/8552. The detailed geometry and the material
properties are given in [13]. The preparation of the test structure comprises among
others the digital measurement of the deviation of the skin from the ideal shape as
well as ultra sonic inspection of the skin. During the test, the cylinder was loaded
by axial compression just beyond buckling load and was then unloaded. In that
loading regime, the structure behaves elastically and thus will not be damaged.
The full scale deformation and buckling shapes were measured using DIC (AR-
AMIS). Figure 14.8 illustrates the measured load shortening curve with three
selected DIC images obtained from a 360� measurement. The images a and b
depict the pre-buckling deformation while image c is taken in the post buckling
region. Another sequence of 360� pictures of the cylinder is given in Fig. 14.9
showing the development of the deformation pattern during of one load and
unloading sequence.

Within a numerical simulation, all imperfections need to be included in the
model to get the bucking load obtained from a test. However, even if all known
deviations are considered in the simulation, the result often diverges from the
experimental result. This is because not all imperfections can be specified by a
deterministic value like for instance material inhomogeneities or load imperfec-
tions so that also probabilistic methodologies are needed. This applies in particular
in the context of the design of cylindrical shells, where the imperfections are
usually not known in advance. Investigations covering deterministic and proba-
bilistic analysis as well as test results were published by Degenhardt et al. [13]. An
alternative approach has been published by Hühne [14] that is based on a single
buckle as worst imperfection leading to the realistic load carrying capacity. The
probabilistic as well as the deterministic approaches are currently subject to further
research at DLR [15].

Fig. 14.9 Results of a 360� measurement on a CFRP cylinder (selected deformation patterns of
one loading and unloading sequence)
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Chapter 15
Composite Process Chain Towards
As-Built Design

Tobias Wille, Luise Kärger and Robert Hein

Abstract The relation between design and manufacture is of particular importance
within the composite structure development process. Therefore, a continuous
composite process chain beyond state-of-the-art is described in this section. Such an
all-embracing process chain realizes a concurrent engineering, where iteration loops
are enabled and, thus, product improvements and higher process efficiency are
achieved. Concurrent engineering comprises the various interdisciplinary working
phases and provides the necessary connectivity. In contrast to the traditional one-way
relation from design to manufacture, the improved process chain also deals with the
feedback from manufacture to design, based on numerical simulations. This is
demonstrated by the example of composite parts made by Tailored Fiber Placement
(TFP), including effects of the feedback on load bearing capacity.

15.1 Current State of Composite Processes

In spite of extensive effort within several research projects, the current development
process of composite structures still exhibits a mostly sequential work flow,
beginning with a first feasibility and concept phase, over the more detailed definition
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and development phase, the production and assembly phase up to the final phase of
series production (Fig. 15.1). Several different methods and software tools are
applied within these development phases in order to solve particular questions.
Accompanying it, a heterogeneous set of tools with generally incomplete tool
interfaces hinders a continuous development process with seamless interfaces. This
directly affects process efficiency both short-term feasibility questions as well as
comprehensive detailed design of composite structures. Therefore great potential
could be tapped by a concurrent engineering approach, which may for example arise
from an early feedback of manufacturing data to the design phase.

15.2 Continuous Composite Process Chain

Due to uncertainties during the production and assembly processes the structural
capability of composites cannot fully be exploited within current composite design.
In order to increase the performance of composite parts, the associated process steps
were analyzed regarding their respective interdependencies and related exchange
data. Aiming for a future ‘‘as-built’’ design process, which already includes all
relevant production aspects beforehand, the development and the production phases
have to be consolidated. Results of production process simulation and optimization
are to be returned to the earlier development phase (Fig. 15.2). This feedback of
process simulation data enables to take into account geometrical, material and
process-induced deviations, such as local degradation of the composite stiffness and
strength as well as manufacturing induced deformations and stresses. Hence, more
precise and more robust prediction methods can be achieved and provide the basis
for a less conservative dimensioning regarding weight reduction while assuring part
quality at minimum process time. Therefore, an efficient and production conform
preliminary design, a more reliable and comprehensive analysis as well as a time and
cost efficient production shall be realized. These ambitious objectives are especially
advantageous in view of high cadence processes, large components as well as
complex assembly tasks of composites.

Within the continuous composite process chain many different composite
manufacturing technologies, such as vacuum bagging, autoclave, and resin injection
technologies as well as a great variety of derivatives and combinations of the afore-
mentioned have to be considered [1]. Furthermore, the following main process steps
are generally performed with high requested accurateness in order to accomplish the
required composite part quality: tooling development (incl. heating and injection
concept), draping/lay-up of woven or non-crimp fabrics (dry or pre-impregnated),
resin injection (in case of dry fabrics) and curing (at elevated temperatures). With the

ProductionFeasibility Definition DevelopConcept Assembly Series

Fig. 15.1 Sequential process chain of composites (state-of-the-art)
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objective of an ‘‘as-built’’ composite part development, these process steps have to be
analyzed regarding their effects on the composite part quality within the early devel-
opment phase. For this purpose numerical process simulations are to be performed, and
resulting data have to be returned into a more precise ‘‘as-built’’ component analysis

ProductionFeasibility Definition DevelopConcept Assembly Series

PartMaterials Manufact FinishingPre-Fabrics

Prelim Design Detail DesSizing

ReleasePreparation Infiltration CuringLay-Up

Feedback of
“as-built“ data

Fig. 15.2 Feedback of ‘‘as-built’’ data from the production phase to the earlier development
phase within the continuous composite process chain

Fig. 15.3 Application of the continuous composite process chain to consider as-built informa-
tion within the design phase
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via appropriate feedback algorithms. The example of a typical process flow depicted in
Fig. 15.3 shall be described in more detail.

The starting point represents a mould with the desired dimensions. Considering
the fabric lay-up process, draping, fiber placement or forming simulations can be
accomplished, in order to receive spatially distributed geometric composite layer
properties, such as fiber orientations, thickness distributions or shear angles. With
respect to an optimal infusion concept, resin flow simulation can be used to predict
flow fronts, dry spots or entrapments of air. Moreover, an optimal tooling and
heating concept can be achieved by performing numerical heat transfer analyses
coupled with mechanical analyses. Thus, thermal and mechanical boundary
conditions can be provided for subsequent composite curing simulations. Since the
actual composite properties are depending on the curing process, a prediction of
spatially distributed exothermic reactions and degree of cure is of great interest.
Furthermore, the process induced residual stresses and distortions, caused by
chemical shrinkage and thermal expansion, can be received. These results are
highly relevant with respect to a ‘‘first-time-right’’ part development and therefore
need to be considered within the development phase. On one hand they can be
transferred to Computer Aided Design (CAD) models in order to map/morph
composite and tooling surfaces from a first nominal design to an ‘‘as-built’’ design.
On the other hand residual stress fields can be integrated as initial loadings into the
structural analysis, even superposed by impressed deformations (causing stress
distributions) due to assembly, and therefore allow for a more realistic prediction
of critical areas under operational loading conditions.

Since all these data are generally spatially distributed within the composite part,
they have to be handled as relatively large field values, some of them even as a
function of time. Specific aspects can already be handled by applying commercial
software. For example, the main fiber direction can be transferred from draping
simulation into the detailed finite element analysis. Also, temperature distribu-
tions, which were calculated within a tooling heat transfer analysis, can be
imported as boundary conditions into a curing simulation. Even residual
distortions can be mapped from curing and spring-in analysis onto the original part
design. However, with respect to the multiplicity of phenomena, of simulations
methods and of software systems, commercial software is currently not fully
supporting all aspects of the composite tool chain.

15.3 Application of Manufacturing Feedback for Fiber
Placement and Curing

Tailored or Advanced Fiber Placement (TFP or AFP) is a textile process for the
production of optimized fiber reinforced structures. TFP follows the examples in
nature, where an adapted, perfect design provides an optimal survive, cf. Mattheck
et al. [2]. Accordingly, the carbon fiber rovings in TFP structures may be placed in
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almost any desired orientation, thus deploying calculated optimum fiber quantities
and orientations for optimal performance [3]. However, the TFP manufacturing
process also affects the material properties. Specific material properties and
appropriate material models of the textile fiber composites are of critical impor-
tance for a successful application [4, 5].

To reliably predict the material and structural behavior, the TFP As-built
Feedback Method has been developed. By means of this method, manufacturing
data such as fiber alignments and effective global material properties of local fiber
features (e.g. fiber turns) are suitably transformed to as-built finite element models.
Consequently, high-fidelity Computer Aided Engineering (CAE) models are
generated, which may significantly differ from the original CAE models used for
design. Based on the accordingly improved analysis results, recommendations for
enhanced design guidelines can be deduced.

Figure 15.4 shows an example, where it is clearly necessary to establish an
as-built FE model instead of using the primary as-design FE model for certifica-
tion: The TFP optimization provides a fiber alignment, which runs smoothly in a
curvature around the hole. Since manufacturing constraints have to be considered,
different solutions have to be evaluated to realize the curved fiber orientation:
The left solution in Fig. 15.4 shows a TFP structure with constant fiber volume
fraction, while the right solution shows a higher fiber volume fraction next to the
hole. Since the failure behavior of these two examples will be different, various FE
models are needed for an appropriate solution.

15.3.1 Feedback of Effective Material Properties

The first part of the TFP As-built Feedback Method embodies a Multiscale
Analysis which considers local discontinuities and establishes a suitable

constant fibre volume fraction

Two possible ways of manufacturing

variable fibre volume fraction

Fig. 15.4 TFP tension
sample with a central open
hole

15 Composite Process Chain Towards As-Built Design 203



macroscopic resolution of material particularities (e.g. fiber turns, cf. Fig 15.5).
Accordingly, suitable mesoscopic FE models (super-elements) are generated to
precisely represent the real fiber alignment. Subsequently, the Asymptotic
Homogenization Method (AHM) is applied to compute the effective macroscopic
elasticity matrix. The AHM is a rigorous mathematical technique to predict the
effective global properties of inhomogeneous media [6]. Coupled with the finite
element method, the AHM has been supposed to be the most effective tool for
the analysis of the microstructural effect on the global behavior of a composite
material [7]. Accordingly, it is widely used in the field of composite and multi-
scale research, it can be referred to e.g. Böhm [8], Chen et al. [9] and Hassani and
Hinton [10, 11].

In the present work, the displacement method, as proposed e.g. by Lukkassen
et al. [12], is applied to solve the cell problem of the AHM. By means of the
displacement method, unit strain fields are introduced to the mesoscopic FE model
(super-element). The corresponding boundary conditions are suchlike that points
on opposite sites of the super-element are coupled to each other in all three
translational directions except for one point, which is coupled only in two direc-
tions and in the third direction it moves by the length of the super-element.
Figure 15.6 illustrates the reduction of the resulting effective stiffness component
Q11 (stiffness in nominal fiber direction) depending on the radius of a fiber cur-
vature: Q11 drops dramatically for increasing fiber curvatures, particularly if the
curvature radius becomes smaller than the tenfold length of the super element.

The computation of effective strength components is build upon the so-called
Direct Micromechanics Method (DMM), which was initially proposed by Zhu
et al. [13]. Reduction of strength due to curvature is similar to the stiffness
reduction shown in Fig. 15.6. The computed effective material properties, stiffness
and strength, are transferred and used for the macroscopic as-built FE models.

15.3.2 Feedback of Fiber Alignment

Within the second part of the TFP As-built Feedback Method, the As-Design to
As-Built Data Transformation is performed. Based on the preceding multiscale
analysis, this transformation utilizes the effective global material properties.
Furthermore, the actual fiber alignment of the manufactured structure, stored e.g.
in Fiber Placement Manager (FPM) files, is automatically transformed into
updated fiber orientations specified in the global FE model in Fig. 15.7.

In Fig. 15.7, the concept of the transformation from ‘‘as-design’’ (resultant
model after optimization and conceptual sizing) to ‘‘as-built’’ (resultant model

Local Model
known heterogeneous 
material properties
of fibres and matrix

Global Model
unknown homogenized 
material properties
of the composite

Fig. 15.5 First part of the
feedback method: multiscale
analysis
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from the TFP As-built Feedback Method) is illustrated using the example of a
tension strap with two holes. The two contour plots show the computed material
effort of the ‘‘as-design’’ (top left) and the ‘‘as-built’’ FE model (bottom right). The
material effort is illustrated by the Failure Index FI which has been determined
according to the Tsai-Wu failure criterion [14]
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Fig. 15.6 Effective stiffness component Q11 depending on the radius of fiber turns

max FI = 0.96 

Generation of a 
universal CAD file

Generation of an 
adjusted CAE file 

Initial CAE file 
FE-Model
(without information on 
material particularities)

FPM- or CAD-Model
(providing manufactured 
fibre alignment)

Multiscale Analysis 
(providing effective material properties)

Global FE-Model
including 

fibre orientation
and effective 

material properties

As-Design: Initial FE model
Optimised solution (symmetric fibre alignment)

As-Built: Feedback FE model
Shows locally raised material effort
from max FI(nominal) = 0.37 
to     max FI(as-built) = 0.96

max FI = 0.37

Fig. 15.7 As-design to as-built data transformation as one part of the TFP As-built Feedback
Method: Reduction of load bearing capacity of a manufactured TFP tension strap compared to the
initial design
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where rij are the stress components and R1t;R1c;R2t;R2c;R12 are the strength
components. The results show the reduction of load-bearing capacity: The opti-
mization process provides a roving alignment, which runs smoothly in a curvature
around the hole. For manufacturing, however, several constraints need to be
considered, which result in unsymmetrical fiber alignments with local fiber par-
ticularities. Thus, the maximum failure index rises from FI (nominal) = 0.37 to FI
(as-built) = 0.96 (i.e. close to damage at FI = 1). This signifies an alarming
reduction of load-bearing capacity and thus, two important conclusions need to be
drawn:

• It is certainly essential to consider the actual manufactured fiber alignment by an
‘‘as-built’’ FE model rather than analyzing the ‘‘as-design’’ FE model of a
preliminary optimization process.

• For improved design and manufacturing guidelines, the negative effect of
irregular fiber alignments must be considered. Hence, the communication from
‘‘as-built’’ FE analysis to the design and manufacturing departments is essential.

15.3.3 Feedback of Process Induced Residual Stresses
and Distortions

Subsequent to the fiber placement process the curing process of composite parts
takes place usually at elevated temperatures in heated toolings, ovens, autoclaves
or alike. During curing the resin reacts exothermally, which may lead to
inhomogeneous temperature distributions depending on the part thickness and on
the applied heating concept. For that reason the final degree of cure may be
varying spatially within the part, and thus, affecting the mechanical properties of
the part. Additionally, chemical shrinkage takes place during curing, and thermal
contraction occurs when cooling down the composite part to ambient temperature.
Therefore, curing stresses build up, depending on both the thermal and mechanical
boundary conditions as well as on the viscoelastic behavior of composites in
rubbery and glassy state [1].

Within the last years several methods on curing simulation were published in
order to predict both, the residual curing stresses and distortions of composites,
e.g. White and Hahn [15], Karkanas and Partridge [16], Johnston [17], Svanberg
[18], Ruiz and Trochu [19]. Aiming for a more realistic ‘‘as-built’’ design, these
process induced preloads have to be transferred back to the earlier development
phase. Accordingly, curing stresses and distortions can be considered as initial
loading conditions when evaluating the component behavior under service loading
conditions. Applying a coupled transient thermo-mechanical curing analysis,
computation time can massively increase, which often limits the simulation of
large composite parts. Therefore, it is advisable to consider more efficient
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simulation methods for real applications. For instance, the path-dependent
constitutive (time-independent) pseudo-viscoelastic material model from Svanberg
[18] can be applied to predict process induced distortions and stresses. If the
spatial temperature distribution is homogeneous within the composite, e.g. in thin
parts, a further simplification by Svanberg of evaluating characteristic process
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Fig. 15.8 Thermo-chemical simulation of degree of cure X and glass transition temperature Tg

Table 15.1 Steps during curing

Step State Effect

1 Before gelation No effect on stress or distortion
2 Isothermal curing in rubbery state Shrinkage
3 Isothermal curing in glassy state Shrinkage
4 Non isothermal cooling in glassy state Thermal expansion

Fig. 15.9 Resulting residual
curing stresses in fiber
direction [MPa] on deformed
plot
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steps should be taken into account in order to reduce computation time by
achieving the same results. Numerical simulations on simple coupons have already
exhibit great accordance between the results from a full transient calculation
(applying the path-dependent method) and the results from simplified thermo-
elastic calculations (based on characteristic process steps), ref. Wille et al. [20].
For the present TFP strap example, a combination of both simplified simulation
methods can be applied in order to predict process induced residual stresses and
shape distortions.

Initially, a thermo-chemical simulation is performed in order to predict the
degree of cure X and the glass transition temperature Tg at a given process
temperature T as a function of time (X = 0 uncured, X = 1 fully cured). From this
simulation, the characteristic process steps ‘‘gelation’’ (here X = 0.6), ‘‘vitrifica-
tion’’ (T = Tg) and ‘‘change of curing temperature’’ (e.g. cool down) can be
identified. Based on these results chemical shrinkage effects within the isothermal
curing phase can be separated from thermal expansion effects within the heating or
cooling phases. As depicted in Fig. 15.8, the curing process is subdivided into four
respective steps as listed in Table 15.1.

Hereupon, thermo-elastic calculations are conducted for each step applying the
individual material parameters (stiffness, Coefficient of Thermal Expansion (CTE),
shrinkage coefficient) of the respective rubbery and glassy states, as described by
Svanberg. From these calculations, component stresses and distortions (Ref.
Fig. 15.9) can be taken into account as initial conditions for the subsequent

max FI = 0.96 

Global FE-Model
including 

fibre orientation
and effective 

material properties

As-Built: 1. Feedback FE model
material effort FI(as-built) = 0.96

Curing Model
providing degree of 

cure, gelation, 
glass transition, 

curing stresses and 
distortions

Global FE-Model
including 

fibre orientation, 
effective material 
properties  and 
curing effects

As-Built: 2. Feedback FE model
material effort FI(curing) = 0.73

max FI = 0.73 

Curing stresses 
and distortions

Curing data

Fig. 15.10 Application of the feedback method to estimate the reduction of load bearing
capacity of a manufactured TFP tension strap compared to the first as-built design
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structural mechanical analysis and will therefore lead to a change in material effort
as well as in the composite failure behavior.

In Fig. 15.10, the ‘‘as-built’’ work flow is extended by the curing simulation
step, in order to account for the effect of residual stresses and distortions within a
CAE model. By applying the same failure criterion as for the corresponding result
plots of the TFP strap example (Tsai-Wu failure criterion), the computed maxi-
mum failure index changes from FI(1. as-built) = 0.96 to FI(2. as-built) = 0.73.
This reduction of 24% is due to the change of prestressing of the inner fiber tows,
mainly arising from resin shrinkage transverse to the fiber direction (radial to the
whole), while the length of the tows (in fiber direction, tangential to the whole) are
kept nearly constant.

15.4 Outcome of the As-Built Feedback Method

A concurrent engineering, realized by a continuous composite process chain,
enables iteration loops for product improvements and higher process efficiency. By
means of the developed feedback methods, relevant manufacturing data, e.g. fiber
alignments, process induced distortions or residual stresses, can be automatically
integrated within the early phase of the future development chain of composite
structures. Thus, a less conservative, more robust design is achieved by accounting
for different types of constraints and manufacturing uncertainties within the pre-
liminary and detailed design phase.
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Chapter 16
Innovative Testing Methods on Specimen
and Component Level

Falk Odermann and Tobias Wille

Abstract In general, tests can be divided into four categories: parameter
estimation (e.g. material strength), phenomenological investigation, validation and
qualification. According to this classification tests are carried out on a structural or
component level and on a coupon level. For structural testing a Buckling Test
Facility, a Variable Component Test Facility and a thermo-mechanical test field
are described. Furthermore, information is given on specimen level tests with
devices for standard test machines: Stringer Pull-off Device and 3D-Biax Device.

16.1 Buckling Test Facility

Buckling tests represent a specific topic in the whole area of testing. Especially
investigations of thin walled structures, which are sensitive to imperfections,
require sophisticated test facilities, [1, 2]. In order to serve the whole application
range from basic research to industrial qualification, e.g. of stiffened or unstiffened
cylindrical shells or panels, the Buckling Test Facility can be operated in four
different configurations as described in the following sections.

F. Odermann (&) � T. Wille
Institute of Composite Structures and Adaptive Systems,
Lilienthalplatz 7, 38108, Braunschweig, Germany
e-mail: falk.odermann@dlr.de

T. Wille
e-mail: tobias.wille@dlr.de

M. Wiedemann and M. Sinapius (eds.), Adaptive, Tolerant and Efficient Composite
Structures, Research Topics in Aerospace, DOI: 10.1007/978-3-642-29190-6_16,
� Springer-Verlag Berlin Heidelberg 2013

211



16.1.1 Static Axial Loading for Cylinders and Panels

The simplest kinds of all buckling tests are static tests under axial compression
loading. Their results produce the base of experience for all the other buckling
tests. In this configuration the Buckling Test Facility is used for phenomenological
research and validation of numerical models since it was designed to meet these
demands. By way of example, thin walled unstiffened and stiffened cylindrical
shells, representative for space structures, and stiffened panels, representative for
parts of aircraft fuselages, are specimens for investigation. Testing of thin walled
structures requires a smooth and evenly distributed load introduction. In particular
often very low prescribed displacements (e.g. fractions of a millimetre) are to be
applied at high loads. Thus very small tolerances have to be ensured for the load
introduction.

The general configuration of the facility is described in Fig. 16.1.
Loads are applied by the vertical hydraulic servo cylinder, equipped with a two

stage servo valve with low volume flow. That valve allows precise control of axial
movement. Load is directed through the axial drive plate to the specimen with cast
end plates. At the top of the specimen the load distributor directs the load to three
load cells and the enclosed axial support plate. During test a clamping mechanism
fixes the axial support plate at the columns. Cylindrical shells and panels are
coupled to the machine by means of equalizing layer and endplates to ensure a
well defined contact between the specimen and the machine. First the specimen is
cast into the end plates. Then between axial drive plate and load distributor this

Fig. 16.1 Buckling test
facility of DLR
(configuration axial
compression)
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unit is set into the facility with an equalizing layer. Thus uniform connection
between specimen and test facility is ensured. Panels are cast into boxes where this
unit is set again between the axial drive plate and load the distributor by means of
equalizing layers. Two displacement transducers besides the specimen are
mounted between axial drive plate and load distributor. Additionally spatial dis-
placements can be measured using digital image correlation system ARAMIS
(GOM). Thermography is used for damage detection.

16.1.2 Static Axial Loads Combined with Torsion
for Cylinders

Stiffened and unstiffened cylindrical shells can be statically tested with torsion
loads in combination with axial compression. For this purpose a sprocket rim is
used to rotate the top plate. The rim is driven by a sprocket wheel and a gearbox
with an electric motor at the top of the axial support plate (Fig. 16.2).The moment
of torsion can be measured with the help of sensors at the two lateral torsion
supports. These supports contain deformable parts with strain gauges and have
been calibrated before starting the test. The angle of torsion is measured via linear
displacement transducers. Thus, axial load carrying capabilities under superposed
torsion can be investigated. This test setup s used for phenomenological research
as well as the validation of numerical models.

Torsion DriveSprocket Rim

Torsion Support
with Torque
Sensors    

Fig. 16.2 Buckling test facility with torsion drive at the top and with unstiffened cylindrical
composite shell
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16.1.3 Combined Axial Compression Shear Test Device
for Curved Stiffened Panels

In order to investigate the stability behavior of curved stiffened panels under
combined axially compressive and in-plane shear loading, a special test device is
needed. Different principles of shear-compression-test devices are currently
applied [3, 4]. These devices apply loads with different kinematics according to the
respective specimen geometry and specimen size. They are built as stand alone
machines and need adequate space in a test hall. In contrast to that, a new test
device was developed in order to extend the already described buckling test
facility to the capability of in-plane shear loading in combination with compres-
sive loads for curved stiffened panels.

The approach to investigate buckling under shear loading with free longitudinal
edges of the panel was chosen to ensure constant boundary conditions during the
test. Hence best comparability between boundary conditions of experiments and
those in numerical models can be achieved within a validation process. The overall
concept was based on the results of the numerical simulations and the given
possibilities and limitations by the existing buckling test facility. In Fig 16.3 the
new test device is shown as a CAD-model. The test device consists of a shear
frame (1), a load transmission unit (2), a shear load cylinder bracket (3), the
extension arm for the guiding rods (4) and an adapter for the existing buckling test
facility (5), which decouples the axial movement from the horizontal one.

The test panel is cast into panel boxes. The upper box is clamped to the shear
frame during testing. The lower box is affiliated with the load transmission. The
compressive forces from the axial servo-cylinder are applied by way of a bearing

Fig. 16.3 Buckling test facility with compression shear test device
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into the load transmission unit. The bearing guides the lower load transmission
with its box parallel to the upper box. This way the upper and lower panel edges
are kept parallel. The shear load is applied by the horizontal cylinder which is
mounted in the cylinder bracket sideways to the lower clamping box. In order to
allow the lower end of the panel to move according to its radius, the lower
clamping box and the frames of the panel are guided through rods. These are
mounted on the long extension arm and positioned at a common vertical axis. The
axial load is measured with four load cells placed between shear frame and axial
support plate. The shear force is measured with one load cell at the horizontal
shear cylinder.

In Fig. 16.4 a photo of the new test device within the buckling test facility is
shown. The extended facility allows the experimental investigation of the shear-
compression-behavior of panels with curvatures representative for typical aircraft
fuselage and wing structures.

16.1.4 Dynamic Loading of Cylinders

The Buckling Test Facility has got the capability to apply dynamic axial loads on
panels and cylindrical shells. For this configuration a larger three-stage servo valve
with shorter response time and higher volume flow, compared to those used with

Fig. 16.4 Extended buckling test facility with compression shear test device
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static tests, controls the piston movement of the vertical hydraulic cylinder. Thus
displacement amplitudes of 1 mm are possible with a frequency of up to 50 Hz.
Tests with impulsive loading are conducted to investigate the buckling behavior of
unstiffened cylindrical shells as a function of the load velocity or impulse time
(Fig 16.5). It is assumed that an area of impulse times exists where the first
buckling load of unstiffened cylinders is reduced. Some of these sophisticated
experiments with phenomenological investigation were done and will be continued
with extended devices.

16.2 Variable Component Test Facility

In fields of structural tests different structural elements and components of rep-
resentative aircraft and vehicle parts have to be tested with regard to static strength
and cyclic fatigue strength. These tests are used to validate and qualify manu-
factured parts. Those parts are tested in original size or scaled down size. To
achieve this a variable test stand of adequate size is built up. This test facility
consists of a universal mounting plate which is set on a fundament and suspended
by springs of pressurized air. At top side of this plate equally spaced T-slots are
milled to mount individually columns, angle plates or test frames for bearing
specimens and load actuators. So it is possible to build up variable test stands for
individual purposes. For example testing of frames from aircraft fuselages can be
conducted by using angle plates to mount hydraulic servo cylinders and bearings
(Fig. 16.6a). By using the same servo hydraulic cylinders, but different angle
plates, beam or box like structures can also be tested with regard to torsion and/or
bending (Fig. 16.6b).

In addition, a variable test stand gives the possibility to build up complete test
facilities for time limited test procedures to overcome shortcomings of other test
facilities which are already in use.

Fig. 16.5 Dynamic buckling
load

216 F. Odermann and T. Wille



16.3 Test Devices for Standard Testing Machines

For standard testing machines different test devices have been developed to be
used for new scientific investigations beside common known standard tests. Thus a
standard test machine can supply tests for investigating special phenomena or to
test specimens which are more complex than standard ones.

16.3.1 Stringer Pull-off Device

The omega stringer geometry became popular for modern CFRP-fuselage designs
and provides an improved lightweight potential. In order to realize a reliable
airworthiness of composite stringers, a novel test has been developed to experi-
mentally analyze the skin-stringer bonding. A small bonding interface between
stringer and skin significantly reduces the structural weight but affects the
reliability of strength. Furthermore the bonding strength is influenced by the
manufacturing process. The joint strength between the composite stringer feet and
the skin can be analyzed by pulling off the stringer from the composite skin with
the test device shown in Fig. 16.7. The orientation of the specimen can vary
between 0� and 45� angles. Tests in the 0� orientation apply mainly peel stresses,
whereas orientations between 0� and 45� apply a combination of peel and trans-
versal shear stresses.

angle plates

6 m

6 m

3 m

3 m

3 m

mounting plate

(a)

(b)

Fig. 16.6 Draft of variable test stand for frame test (a) and structural beams tests (b)
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16.3.2 3D-Biax Device

Even lightweight structures contain thick walled laminates to carry high and
concentrated loads. Therefore material properties which are normal to the laminate
layup are becoming interesting and have to be measured. According to the
requirements to investigate the interlaminar properties of fiber reinforced com-
posites the 3D-Biax Test Device [5] has been developed (Fig. 16.8a). It is based on
commonly known methods, such as the ones for shear testing, [6, 7]. It is used for
static testing of thick laminate specimens. Those specimens contain a large number
of laminate layers and have a special shape (Fig. 16.8b). Load introduction is
carried out through form fitting elements corresponding to this shape. A variable
angle setup gives the possibility to test specimens with interlaminar tension,
compression, shear or combined loads. According to the availability of standard
test machines the device can be mounted to static as well as to dynamic test
machines. Thus the 3D-Biax device offers great potential to investigate material
properties and failure mechanisms with regard to the thickness of laminates.

16.4 Thermo-Mechanical Test Field

In many cases structures are exposed to harsh environmental conditions in addition
to mechanical loads. Since the mechanical properties of composite materials
deteriorate at elevated temperatures, structural failure can occur even at low level

Fig. 16.7 Stringer Pull-off device with stringer skin specimen
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mechanical loading. Therefore it is mandatory to accurately predict the tempera-
tures of a structure throughout its complete mission. Computational and experi-
mental examination methods are the basis for such predictions.

On the one hand the thermo-mechanical test field offers the wide potential from
determining single parameters like heat transfer coefficients up to the thermal
behavior of entire structures. On the other hand its well-known test conditions
allow for the verification and validation of simulation tools and results.

The thermo-mechanical test field comprises the THERMEX (thermo-mechan-
ical) test facility and the HRC (High Radiation Compartment) test facility. In order
to satisfy particular project requirements, special test set-ups are additionally
designed and built.

16.4.1 Thermo-Mechanical Test Facility THERMEX

The THERMEX test facility (Fig. 16.9) allows for thermo-mechanical testing of
structures like flat plates, curved panels or complex structures with a maximum
size of 1 9 0.8 m.

Power controlled infrared heating lamps with a maximum electrical power of
2 9 85 KW facilitate a tailored heating of the test structures up to 1,200�C.

Fig. 16.8 3D-Biax Device for determining interlaminar properties of thick laminates (a),
specimens (b)
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Simultaneously time controlled tensile and compression loads up to 400 kN can be
applied. In order to increase higher temperature gradients, parts of the structures
can be cooled using liquid nitrogen.

The structural behavior at discrete points (e.g. temperature and strain) is
recorded with a data acquisition system offering 64 channels. Additionally local
temperature distributions can be documented by means of an infrared camera.

The fields of application comprise investigations of the thermo-mechanical
behavior of e.g. hot primary structures, thermal protection systems or nozzle
structures all made of conventional or fiber reinforced materials, [8, 9].

16.4.2 High Radiation Compartment

Usually the three heat transfer mechanisms conduction, convection and radiation
appear in an overlaid manner. In most engineering applications a lack of clarity
exists about their effective, relative contributions to the global heat balance. For a
precise analysis within a structural design phase as well as for verification and
validation purposes these contributions need to be quantified. Therefore the High
Radiation Compartment (HRC) has been developed.

The HRC (Fig. 16.10) contains an insulated test box of 1 9 0.3 9 0.3 m which
is integrated in a vacuum chamber. A specific feature of the HRC is a temperature
controlled copper plate heater enabling to reach temperatures of 500�C within a
short period of time (\2 min). Due to a special surface finish with an emissivity of
e = 0.96 a high radiant flux can be generated. Radiation heat exchange
measurements can be conducted within a pressure range of 0.1 mbar B p B 1 bar
and in an atmosphere of selected gases. This allows for a specific investigation of
convective and radiative heat transport fractions. The used insulation material,

Fig. 16.9 Thermo-mechanical test facility THERMEX
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which prevents thermal losses and protects certain structural areas against radia-
tion, also allows the investigation of specific conduction problems like bolted
joints, spot welded or glued thermal contact areas, [10, 11].
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Chapter 17
Compliant Aggregation of Functionalities

Christian Hühne, Erik Kappel and Daniel Stefaniak

Abstract The aggregation of functionalities offers additional benefits to the cus-
tomers such as reduced weight, reduced life cycle costs and an increased range of
applications. For a compliant aggregation of functionalities according to given
requirements clear instructions on how to conduct lightweight design are essential,
but often not available today. High performance lightweight structures are made
from carbon fiber reinforced plastics increasingly. Due to the specific composite
manufacturing process four different levels of function-integration are conceivable.
The pre-fabrics or components of the composite can include smart materials with
enhanced functionalities. The structure design can better exploit the composite
potentials of anisotropic material properties. Passive components integrated into
the structure provide additional functionalities as for example de-icing and lighting
protection. In adaptive systems active elements significantly improves the ability
of the structure to adapt changing environmental conditions. The development of
the potentials resulting from the compliant aggregation of functionalities is pre-
sented in this chapter.

17.1 Motivation and Definition

The integration of function in the context of design issues describes the aim to
aggregate multiply useful functionalities in as few parts as possible [1, 2]. Inte-
grated structures lead to reduced assembly and joining efforts and in many cases to
a much better and efficient use of the material of the structure. The customer’s
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value is not directly given by the number of integrated functionalities but the
aggregation of functionalities offers additional benefits such as reduced weight,
reduced life cycle costs and an increased range of applications.

Although the integration of multiple functionalities is part of almost each design
recommendation, clear instructions on how to conduct lightweight design are hardly
given. Focusing on fiber reinforced plastics (FRP) the aggregation of multiple
functions is gaining more importance. Regarding high-performance structures,
mainly carbon fiber reinforced plastics (CFRP) are used. After substituting metal
components by composite structures in recent years, the integration of multiple
functions is the next challenge for engineers striving for high-efficient structures.

Due to the characteristics of the composite manufacturing processes four dif-
ferent levels of function-integration are conceivable as depicted in Fig. 17.1.
Those levels are smart material design, pro-composite design, the implementation
of structure integrated (SI) smart components and adaptive systems. While the first
two approaches can be applied in a regular manufacturing process without addi-
tional efforts, the third one demands additional equipment such as for example
piezoelectric actuators, light-emitting diodes (LED) lights or embedded deicing
elements. The full structural application approach demands appropriate kinematics
and therefore an adapted design, as the whole structure is deformed.

A composite wing that fulfills aerodynamic requirements for natural laminar
flow (NLF) is a convenient example to work out the different levels of the inte-
gration of functions. Figure 17.2 depicts such a wing structure with various inte-
grated functionalities. Thus in the following, the single levels are briefly
introduced and the general idea of each approach is presented.

17.2 Smart Material Design

The adaptation of material properties according to given requirements is sum-
marized by the generic term smart material design. The requirements might be
completely different with respect to the aspired aim. The improvement of the fire,

Fig. 17.1 Compliant
aggregation of functionalities

226 C. Hühne et al.



smoke and toxicity (FST) properties of resin due to modification on the nano level
as well as the enhancement of the bearing strength of holes due to local CFRP-
metal hybridization are conceivable examples of smart material design. The design
of those smart materials allows the structure to fulfil additional requirements.

17.2.1 Resin Modification

Although the specific composite properties are outstanding they can be further
improved by the use of nanoparticles. A modification at nano level allows target-
oriented amelioration of the macro-scale properties whereas the kind of
improvement depends on the used particles and their properties [3].

In the context of the aggregation of function, the use of resins modified by
nanoparticles allow a significant enhancement of FST properties. Thermal and
electrical conductivity as well as chemical fire resistance can be affected by the
choice of appropriate particles. With respect to the later described inherent
deformations due to production which are mainly driven by the composite’s
anisotropy, modification with nanoparticles promises the reduction of the resin’s
thermal expansion and chemical shrinkage. That leads to a reduction of induced
deformations during the manufacturing process. Adjusting the thermal expansion
properties by using nanoparticles allows the design of thermally stable composites,
which leads to a considerable improvement of the performance because fewer
thermal stresses have to be considered within the design.

Fig. 17.2 Composite wing—compliant aggregation of multiple functions
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17.2.2 Fiber Metal Laminates

The development of fiber metal laminates is basically motivated by the idea to
combine the advantages of both constituents. The combination of these materials can
be performed for an entire part or only a part of it as well as for the entire laminate or
only its surface. Therefore a distinction must be made with respect to the materials
application, either as structural material or as local reinforcement or as surface
protection. Figure 17.3 shows selected applications of CFRP-metal hybridization.

17.2.3 Structural Material

Glass laminate aluminium reinforced epoxy (GLARE) represent the best-known,
successful application of FRP-metal hybrids, which is applied as structural material
for the upper fuselage section of the Airbus A380. GLARE shows outstanding fatigue
properties, an excellent impact resistance and a good residual strength. Further
improved properties are the flame resistance and the corrosion behaviour [4, 5].

A new approach for high performance structural applications uses a new hybrid
laminate lay-up with a metal layer thickness of less than 0.08 mm and a metal
volume fraction of less than 8%. Therein the metal layers replace ±45� and 90�
plies. Hence, stiffness and strength in 0� direction are not reduced in comparison to
the use of varying fiber directions. In the context of function integration metal
layers generate improved damage tolerance properties as they deflect interlaminar
fracture into zones with increased delamination surfaces. They serve as crack
arrest layers and their energy dissipation is elevated as a consequence of the
increased number of interfaces within the laminate.

Beside enhanced transverse stiffness and strength properties compared to unidi-
rectional laminates, CFRP-UD/steel-laminates show higher values for residual
compression strength in compression-after-impact (CAI) tests and demonstrate up to
65% higher elastic modulus than common multi-axial CFRP reference specimens [6].

Fig. 17.3 Superimposing material specific advantages—CFRP-Metal hybridization (left) local
hybridization, (right) surface protection
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17.2.4 Local Reinforcement

In addition to their weight saving potential, composites enable the application of
high integral design philosophy avoiding structural interconnections. However, the
size of composite structures is often limited due to higher tooling complexity,
rising manufacturing risks, restrictions of logistics and handling as well as
inspection, maintenance and repair needs. Therefore bolted connections are
unavoidable for aerospace applications. However, fiber laminates, especially
highly orthotropic ones, are characterized by a low bearing strength and low shear
load capabilities.

The usual practice to account for these low bearing and shear capabilities of the
fiber laminates is to locally build up the joining area. However, the resulting
thickened laminate leads to eccentricities in the load path and consequently to
secondary local stresses and bending moments, especially for single-sided lami-
nate thickening. This local thickening increases the complexity of all the adjacent
parts resulting in larger metallic fittings and longer fasteners, further increasing the
connection’s weight and reducing the joint efficiency.

The local hybridization approach uses a fiber-metal laminate within the fastener
areas as outlined in Chap. 19. By the gradual substitution of composite plies by
high-strength steel or titanium foils as it can be seen in Fig. 17.3, the remaining
continuous CFRP plies guarantee the load carrying capability and ensure that the
fatigue behaviour is dominated by the outstanding properties of the carbon fibers.

At the same time the metallic fraction within the hybrid increases the bearing
and shear strength capabilities as well as notched tension and compression strength,
which are essential properties to obtain a high bolted joint efficiency. This approach
eliminates the unwanted thickening, avoids the consequence of secondary bending
moments and reduces the size and weight of fittings and fasteners significantly
[7, 8].

17.2.5 Abrasion Protection

In many areas FRP do not meet the abrasion requirements even though their
specific properties would justify their application for static or dynamic loading.
For example, the wing’s leading edge demands for abrasion resistant materials in
combination with high surface quality requirements. As a pure composite surface
would not be able to sustain the environmental loads of a leading edge, a hybrid
design promises sufficient durability. Thus, very thin metal foils on the surface of
the composite leading edge provide an abrasion resistant outer layer which can be
applied only to parts of the wing without creating steps or gaps as it can be seen in
Fig. 17.3. This example represents a compliant integration of an additional
function without affecting the performance of the composite part.
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17.3 Pro-Composite Design

CFRP usually show anisotropic material behavior due to the combination of fibers in
different orientations. That particular characteristic symbolizes strength and weak-
ness of composite material simultaneously. Target-oriented interaction between
design and analysis allow the adaptation of the structural behavior, as geometry and
lay-up can be optimized according to given requirements [9]. Whereas structure
tailoring is a key function for high-performance composite parts on the one hand the
underlying material anisotropy is responsible for unwanted deformations due to the
curing process with a resin system in production on the other hand. Those deviations
are often referred to as spring-in deformations as outlined in Chap. 22. Commonly,
when net-shape manufacturing is aspired, compensation strategies are necessary to
counteract the spring-in difficulties. However, detailed and verified knowledge of
deformations induced by the material anisotropy and the production process in
combination with robust compensation strategies allow further integration of
structural functions. Tailoring of the as-built geometry by use of shape compensation
strategies gives further freedom within the design. In the context of enhanced
wing concepts, NLF is regarded as one key issue in order to reduce aerodynamic
drag significantly. Consequently, new and more stringent manufacturing tolerances
for the geometry are required to achieve this goal. It is crucial to avoid waviness as
well as steps and gaps of upper wing panels in order to achieve surface properties
required for NLF. The target is to optimize the structural performance and shape
of an upper wing cover for cruise loads, in order to receive NLF at this condition.

Within state of art (SoA) manufacturing it is still a challenge to predict spring-
in deformations. According to Fig. 17.4, SoA flight shape—even if globally
considered in the production jig-shape—shows certain local skin waviness induced
by aerodynamic loads and as well deformations due to the production process.

Whereas the aspired flight shape shows no local waviness under aerodynamic
loads the corresponding jig-shape is given by a superposition of compensated

Fig. 17.4 Skin waviness due to aerodynamic loads and spring-in deformations
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deformations due to production and inverted aerodynamic waviness. Regarding
effective directions, aerodynamic waviness opposes the direction of the defor-
mations due to production. Thus, utilizing those unavoidable but adjustable
deformations to equalize the waviness due to aerodynamic loads is a promising
approach to achieve the aspired flight shape. Fortunately, experimental investi-
gations reveal that magnitudes of both effects are in the same range. With the use
of commercial finite element tools relatively precise calculations of panel wavi-
ness can be achieved in coupled CSM-CFD simulations.

However, the simulation of the manufacturing process is rather well developed.
In order to define tooling that compensates for such induced deformations, simple
straightforward strategies mainly focus on part deformations and reveal promising
results for extruded angled profiles. Therein, it is assumed that a defined composite
material shows reproducible characteristics for one chosen production process
cycle. Material parameters derived from experimental findings on a coupon test
level are applicable to structures on a macro level [10, 11]. Stringer stiffened
panels, however, show a rather complex deformation behavior because spring-in
deformations are superposed with deformations induced by a thermal mismatch of
stringer feet and skin during the curing process. Especially for T-stringers the
effect of the filler geometry and the filler material needs further investigations. The
aforementioned easy-to-use procedures are generally suitable for the application to
more complex problems but they have to be validated experimentally. Fig. 17.5
shows the aspired procedure to define tooling geometries that compensate the
fabrication induced deformations. Consequently a pro-composite design in this
example enables the production of an upper wing cover suitable for NLF and thus
for a further enhanced performance of the structure.

17.4 Structure Integrated Smart Components

The conversion of an electrical potential into heat is realized within resistance
heating devices, as they are applied in de-icing applications for example. The
piezoelectric and the inverse piezoelectric effect are exploited to transfer
mechanical strain into an electric potential and vice versa. Generally piezoelectric
ceramics can be used as actuation and as sensing elements for example in active
vibration control, active structure acoustics control as shown in Chap. 35 or in the
field of structure health monitoring as outlined in Chap. 37.

17.4.1 De-Icing

The icing of wings is still a certain risk in modern aviation. Based on an electro-
thermal principle a de-icing system has been developed which is suitable for
the integration in current composite wings [12]. An electro-conductive carbon-
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fiber-fabric has been integrated directly into the laminate and subsequently con-
tacted electrically. The integration has been done in one-shot together with the
production of CFRP parts and demonstrates the integration of effective function
into the structure. Experimental validation obtains a homogeneous heating with a
distinct borderline as illustrated in Fig. 17.6.

Due to the comparatively high energy consumption of such systems, heated
areas are separated into smaller segments, which, on the other hand, demand more
complex control. Experiments prove the functionality of de-icing systems inte-
grated into the structure.

17.4.2 Structure Integrated Lighting System

Beside de-icing systems, structure integrated lights are another example of the
integration of function [13] that have already been realized in demonstrator
structures. With regard to the requirements of a composite wing such as a step- and
gapless design of the outer skin, those direct integrated LEDs are suitable as
positioning lights at the wing’s leading edge. Figure 17.7 shows a generic, single
curved CFRP structure with an integrated LED device.

Fig. 17.5 Tool compensation process supported by numerical analysis and effective compen-
sation strategies. Jig shape is adapted accounting for aerodynamic loads and fabrication induced
deformations

Fig. 17.6 Infrared camera
picture of a structure
integrated De-Icing system
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Within the automotive industry, light systems have gained an increasing
importance in the last years. Beside the improved illumination, the design of
illumination systems inside and outside the car has become a key-issue for car
manufacturers or their suppliers. The automobile manufactures Audi for example
utilizes the OLED (organic LED) technology in order to realize new illumination
systems for interior or rear light applications [14]. That underlines the demand for
new integrated light technologies for automotive applications.

17.4.3 Actuator Induced Morphing

Whereas incorporated thermal de-icing and lighting systems do not affect the
geometrical component shape the use of actively controllable elements enables the
shape control or morphing of composite structures as outlined in Chap. 32.

Nevertheless, the integration of piezoelectric actuators is accompanied by certain
barriers, which directly affect the structural performance. Generally, opposing
demands are competing: on the one hand, maximal actuation with maximal stroke is
aspired, on the other hand, structural strength and durability should be identical to
passive, non-actuated structures. Furthermore, operational parameters like voltage
of piezoelectric actuators should be of a manageable magnitude. Thus, monolithic
piezoelectric ceramics are hardly applicable as they demand high operational
voltages. Therefore multi-layer actuators are the elements of choice as they generate
comparable forces with significantly lower operational voltages.

Piezoelectric actuators are successfully applied to helicopter blades (model scale)
in order to reduce rotor noise, fuselage vibration and fuel consumption [15]. With
respect to the considered composite wing, integrated actuators are not expected to
deform the entire wing, but can be utilized to realize actuated flaps [16] for example.
Due to the direct integration of piezoelectric actuators into the laminate, the
morphing of the blades can be realized without friction and wear (Fig. 17.8), as it
would be the case for common mechanical components such as gears and levers.

Fig. 17.7 Structure
integrated (SI) light systems

Fig. 17.8 Tip twist rotation
induced by surface actuators
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The integration of those flat piezoelectric actuators into the laminate represents
a disturbance of the structure itself. Due to the relative large actuator thickness, the
mechanical performance is reduced because fiber waviness or neat resin areas
support the initiation and growth of cracks. The integration of function requires a
multi-objective optimization of the primary load carrying capability and additional
functionalities.

17.5 Adaptive Systems

As mentioned above, a composite wing suitable for NLF requires a step- and
gapless design of the outer skin surface as outlined in Chap. 31. A morphing high
lift system at the leading edge of the wing is one alternative to conventional high
lift devices such as slats which can satisfy the requirement of even and undisturbed
surfaces.

Analogously to the SI actuator induced morphing the requirement for maximum
morph-ability and maximum strength are competing. In contrast to the afore-
mentioned embedded elements adaptive systems require a full adaptation of the
carrying substructure. In order to get an efficient system structural stiffness of
morphing areas must be small to give the required flexibility to the actuated
degrees of freedom. As indicated in Fig. 17.9 morphing is support by the structural
shape, whereas structural resistance to aero loads remains constant during the
morphing process.

In order to control the shape of the morphing structures with respect to aero-
dynamic loads appropriate kinematics are used which ensure that allowable strain
limits are not exceeded for the whole laminate. Due to the large deformations of
the leading edge skin carbon composites are hardly applicable due to their small
yield strength. Thus, glass fiber material is utilized for a demonstrator structure as
it is depicted in Fig. 17.9.

To sum up, the key in the context of a morphing high lift system at the leading
edge of a wing is to design a skin which is stiff enough to carry aerodynamic forces
on the one hand and on the other hand to ensure flexibility, which is necessary
to sustain the change of structure and the related strain level without damages
[16, 17].

Fig. 17.9 Morphing leading edge high lift device
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Chapter 18
Boom Concept for Gossamer Deployable
Space Structures

Marco Straubel and Michael Sinapius

Abstract Deployable structures are necessary to realize large but weight-efficient
space systems. DLR provides a deployable mast that can be used either at once to
realize e.g. long dipole antennas of some ten meters or to setup structures that use
this mast as basic building block structure. This section shall, therefore, enable a
basic insight on the concept and of the resulting challenges. Moreover,
a deployment test series under weightlessness is presented and evaluated to show
possible concepts of deployment control and demonstrate the potentials.

18.1 Large Gossamer Space Structures

Gossamer structures are optimized for their intended task. They provide only the
required amount of stiffness. If the considered mission requires no significant
acceleration for rapid repositioning or reorientation of the satellite, the required
stiffness is very low and the resulting structures are very filigree, thin or gossamer.
The following sections give a brief introduction in concepts for deployable structures.

18.1.1 Exemplary Deployable Space Structures

The currently available deployment systems can be basically clustered in three
different groups: the pantographic systems, the elastically deformed systems and
the inflatable systems.
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Pantographic or manifold structures are made of stiff parts that are intercon-
nected with hinges. The hinges are, in most cases, spring driven and use a locking
mechanism that fixes the hinge after reaching its final position. The start of the
deployment is commonly triggered by pyro-mechanical cutters. Motor actuated
mechanisms are only used if the deployment needs to be reversible or the
deployment velocity has to be controlled for technical reasons (e.g. requirement
from Attitude and Orbit Control System (AOCS)). Figure 18.1 shows the classical
application of such structures. Canada’s RadarSat II uses one deployable radar
antennas and two unfurlable solar arrays.

Another space proven system is the CoilABLE Mast from the US company
ATK. The mast can be packed by twisting it around the length axis. As the boom is
under pretension in its compressed state, the deployment needs to be controlled by a
rotating nut (Fig. 18.2). Other truss concepts are Northrop–Grumman’s AstroMast,
ATK’s FAST and ADAM masts, and the TriLok mast [1].

Figure 18.3 depicts a further concept for deployable structures. The shown
flexible hinge element is able to perform large deflections without relying on
classical hinge concepts, involving friction affected bearings, and features a high
robustness against small distortions of the packed and deployed structure due to
thermo-mechanical effects.

In combination with struts it can be used to design various one- and two-
dimensional structures [2].

Fig. 18.1 RadarSat II with
deployed SAR antenna and
solar array (Courtesy of
Canadian Space Agency)

Fig. 18.2 CoilABLE boom
(Courtesy of ATK)
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The third basic deployment concept is the inflatable one. It is characterized by a
low material thicknesses and low weight (Fig. 18.4). However, an inflation system
is required that contains either gas tanks with valves or pyro-active gas generators
that have to be respected in the mass calculation. If inflatable structures need to
maintain their stiffness over a longer time period, the gas inflation system needs to
provide the pressure over the entire service time or the structure needs to be cured
or rigidised in any kind after successful deployment. Different kinds of rigidization
have been investigated: The curing of a resin impregnated composite by UV-light
[3], by implemented resistive heaters [4] or the rigidising of an aluminium layer by
stretching the material beyond its yielding point [5]. All rigidising concepts have
been tested and successfully verified. However, the curing of composites under
space conditions is a very inhomogeneous process that leads therefore to asym-
metric curing which can lead to unintended distortions of the cured structure. Thus,
they can be only recommended for structures with medium to low accuracy
requirements.

Table 18.1 provides an assessment of the different deployment techniques
depending on some characteristic parameters. As is shown in this table the
appropriate deployment concept depends on the mission requirements. Stiffer
structures are heavier and need more stowage volume but provide a higher
geometrical accuracy.

Fig. 18.3 Quadrilateral
reticulations in (a) deployed
and, (b) stowed configuration
(Courtesy of CSA
Engineering Inc.)

Fig. 18.4 Inflatable boom
during folding (Courtesy of
ASTRIUM)
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18.1.2 Challenges and Needs

Despite of the high flight heritage of pantographic systems their numerous hinges
increase the system complexity and thus the probability of deployment failures. In
order to address this aspect ECSS requires each mechanism to be operated at
minimum 50 times on-ground to verify its lifetime capability [6].

Thus, also a mechanism that needs to be actuated only once in space has to
prove its capability to satisfy this test requirement.

Apart from the mechanisms, also the whole structure needs to be tested in order
to validate the resonance frequencies in deployed state. Moreover, deployment
tests under representative mechanical and thermal environment need to be per-
formed. Depending on the system stiffness and size such tests require complex
gravity compensation equipment and the use of cost-intensive thermal-vacuum
chambers. Future large structures may become even so large that any ground
testing will become impossible (e.g. 100 9 100 m solar sails). Thus, new concepts
of verification need to be developed that use sub-scale tests to tune scalable finite
element models and predict the behaviour of the final full scale structure only by
simulation.

Concluding this, the need for a system complexity reduction as well as a
reliable verification method is noticed.

18.1.3 Applications

Almost every huge space structure could be build using deployable concepts.
However, this section will concentrate on 4 representative and most promising
ones: Solar Sails, Antennas, Solar Arrays, and Deorbiting devices.

Solar sails are an alternative propellantless propulsion system utilizing the Sun’s
radiation pressure. At Sun-Earth distance a pressure of maximal 9.1 lPa can be
used to accelerate a spacecraft. As this pressure is extremely small, the spacecraft
needs to have a low mass-to-sail area ratio to generate a significant ‘‘thrust’’.

Table 18.1 Trade off between deployment types

Pantographic
structures

Elastically deformed
structures

Inflatable
structures

Stiffness ++ + +
Mass o ++ +
Stowage volume o + ++
Shape accuracy ++ ++ -
Controllability of
deployment

++ ++ +

Flight heritage ++ + +

++ very good; + good; o moderate; - poor
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DLR has demonstrated in 1999 the deployment of such a solar sail by use of the
introduced booms. During an on-ground demonstration a 400 m2 solar sail was
deployed autonomously from the centre module (Fig. 18.5). The deployment
mechanism uses a boom root deployment.

Space antennas for radio communication and radar surveillance are a second
application for deployment techniques. So far most deployable antennas consist of
folded arrays like manifold structures as previously shown in Fig. 18.1. These
structures were flown many times and have proven their reliability but have the
disadvantage of a high mass.

To evaluate the lightweight potential of deployable gossamer SAR antennas,
DLR and ESA established cooperation for research. The mechanical part of a
deployable SAR antenna has been developed [7] in the study. The final design
provides an antenna aperture of 40 m2 with a complete mass of less than 60 kg.
Figure 18.6 shows the result. The comparable antenna of RADARSAT-2 has a
mass of 750 kg. Although RADARSAT-2 has a 4 times higher operational radar
frequency and, therefore, increased shape accuracy requirements, this comparison
shows the mass saving potentials of huge gossamer antennas.

Another application for gossamer structures is deorbiting. The increasing
population of space debris is an upcoming problem. Out-of-service satellites as
well as upper stages from launchers generate a risky environment for new satellites
passing or sharing the same orbits. One possibility to decrease the amount of
debris is a passive deorbiting of space systems by using the aerodynamic drag
within lower earth orbits. Therefore, the very thin residual atmosphere is used to
generate a constant decelerating force. To use this effect, large surfaces need to be
deployed to increase the area-to-mass ratio (Fig. 18.7).

The last but not least application for deployable structures considers solar
arrays for power generation in space. Conventional systems use foldable rigid
planes or thin carrier foils that are fixed at deployable frames (Fig. 18.8).
Deployable systems like the above introduced antenna could be a gossamer

Fig. 18.5 On-ground
deployment demonstration of
a 20 9 20 m solar sail (ESA
contract, DLR delivers booms
and sails)
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alternative to those conventional systems. The recent developments on flexible
thin film solar cells support this trend.

18.2 DLR’s Deployable Boom

The following sections introduce DLR’s concept for deployable gossamer boom
being as building block for versatile deployable space structures.

Fig. 18.6 1:3 sub scale model of a deployable SAR antenna (model size 6 9 1.4 m)

Fig. 18.7 Inflatable deorbit
device (Courtesy of TU
Delft)
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18.2.1 Concept

The basic concept of DLR’s coilable composite lightweight booms for deployable
space applications is quite simple: Two half shells of the boom are separately
manufactured from a very thin CFRP laminate (0.1 mm thick) and are co-bonded
afterwards. The cross section of the resulting boom is displayed in Fig. 18.9.

The upper sketch shows the cross sections shape in the unstressed, deployed
configuration. Due to external forces, the boom can be flattened. Thereby, the
bending stiffness in on direction decreases significantly and the boom can be coiled
around a carrier hub.

18.2.2 Mechanical and Thermal Properties

During the last years of research a sophisticated boom version for the solar sail
application as well as a low cost version has been developed. The related prop-
erties of both setups are listed in Table 18.2. However, these are only two possible

Fig. 18.8 Hubble space
telescope with deployed solar
arrays (Courtesy of NASA)

Fig. 18.9 Sketch of the
booms cross section in
deployed and stowed
configuration
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configurations. The provision of tailored booms in relation to the given require-
ments is one advantage of this boom concept.

For further details on thermo-mechanical effects please refer to the doctoral
thesis of Christoph Sickinger [8] or some previously published papers [9–12].

18.2.3 Deployment Control

Comparable to a coiled strip of sheet metal, the coiled boom intends to deploy
itself by its own internal stored elastic strain energy from the moment the
restraining force disappears. During on-ground tests, this self deployment is
continuously and well directed as it is stabilized due to friction between the
different layers enforced by gravity. But simulations and test had shown that the
behaviour in weightlessness is more complex. Figure 18.10 shows the simulated
deployment behaviour. The deployment process is very chaotic and shifts to a
discrete amount of partial deployments.

As this deployment is not predictable and not controllable, it is not a suitable
process for the majority of space applications. Thus, different concepts to control the
deployment and results from test under artificial weightlessness are given hereafter.

The first concept is the Electric Root Deployment. The basic idea is to wrap the
boom around a motor driven core that is located in the spacecraft. Like a cable
winch the boom is deployed by the driven central hub that extracts the boom in a
controlled and continuous manner from the module and guarantees a smooth
deployment. This concept has been developed by the German companies Kayser-
Threde and INVENT within the first Solar Sail study [17].

Table 18.2 Properties of two different boom configurations [8, 16]

High performance boom Low cost boom

Layer setup Up to 12 layers of unidirectional
prepreg per half shell

One layer of 0/90 prepreg
per half shell

Layer thickness 0.1 mm 0.1 mm
Manufacturing Autoclave based (expensive,

restricts max. boom length)
Out of autoclave (use of
modular curing tent)

Specific costs (incl. manpower,
material; excl. mould)

1 k€/m 0.1 k€/m

Specific mass 100 g/m 62 g/m
Bending stiffness about X-Axis 5300 Nm2 2,661 Nm2

Bending stiffness about Y-Axis 3,850 Nm2 3,325 Nm2

Max. bending moment about
X-Axis

±84 Nm ±13.24 Nm

Max. bending moment about
Y-Axis

±52 Nm ±23.91 Nm

1st bending mode of 5 m long
sample

3.01 Hz 3.26 Hz

CTE in longitudinal direction B0.5 9 10-6 1/K B2 9 10-6 1/K
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One advantage of this concept is the possibility to coil more than one boom on
the same cylinder. The past Solar Sail design includes a deployable cross like
structure of four booms that are simultaneously deployed from one central hub.
This concept is very weight efficient but has one disadvantage: The transition zone,
required by the boom to evolve its full cross section and stiffness, is located next to
the central core. Thus, the weakest part of the boom meets the most loaded region,
the boom root.

The second concept, the Electric Tip Deployment, uses a comparable approach as
the root deployment but the deployment location is changed. To counteract the
collocation of highest load and lowest stiffness the weak transition zone is transferred
from the root to the tip. This is realised by the design of the mechanism visible in
Fig. 18.11. It contains a cylindrical part for storage of the coiled boom and is
equipped with two wheels that are driven by a battery supplied electric motor.

In contrast to root deployment the mechanism detaches oneself from the main
module after activation of the motor. The partly deployed end of the boom—as
seen left hand in Fig. 18.11—is fixed at the centre module.

In relation to the previously introduced concept, one mechanism deploys only
one boom. Hence, in case of deployment of multiple booms the specific weight per
deployed boom is higher than in the other concept. But as the deployment

Fig. 18.10 Simulation of
boom deployment within 0 g
environment [8]

Fig. 18.11 Electrically
driven tip reel deployment
mechanism
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mechanisms are jettisoned after deployment, the total mass of the deployed
structure is lower than of the one utilizing the root deployment principle. Thus, the
electric tip deployment is the supreme solution for deployment of solar sails where
the ratio between sail area and mass is proportional to the acceleration achieved by
the solar radiation.

The third concept, the Inflating Tip Deployment, realises a completely other
deployment principle and comes up without any electric motors or moveable parts.
It consists mainly of two basic elements that control the deployment. As shown in
Fig. 18.12 the boom is equipped with a Velcro layer on each side.

During coiling the hook part of one boom side locks into the loop part of the other
boom side and prevents a self deployment of the packed mast. To deploy it anyhow,
a gastight polymer hose of only 12 lm material thickness is inserted into the hollow
boom already upon manufacturing. Once pressurised the bladder acts as pneumatic
actuator that deploys the boom by locally breaking the Velcro connections.

Depending on the level of controllability the needed inflation gas can be pro-
vided by conventional gas tanks in combination with controllable valves or special
gas generators that produce gas by decomposition of solid materials.

Compared to the other two concepts the inflating tip deployment requires
the application and insertion of extra material to the booms which increases the
specific mass per length by around 20–50%. However, the needed mass and the
complexity of the deployment supporting device in the main module are reduced.

At least, all three introduced deployment control concepts have their pros and
cons. The optimum concept depends on the desired application.

18.3 Tests

To verify and to attest the necessity of the presented deployment control concepts,
a test campaign for two concepts under weightlessness has been planned and finally
conducted in February 2009. Within DLR funding the entire experiment area of the
test plane Airbus A300 ZERO-G of the French company NOVESPACE has been
allocated to test deployable booms of realistic size under zero-g conditions.

Fig. 18.12 Hybrid
deployable/inflatable boom
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18.3.1 Objectives

The objectives of the experiment were defined as followed:

• Demonstrate chaotic boom deployment without deployment control concept to
verify necessity of deployment control concepts,

• Show directness of unfolding process using inflating tip deployment concept,
• Test repeatability of deployment using inflating tip deployment concept by

multiple use of the same boom specimen,
• Test controllability of inflating tip deployment by decrease or total stop of gas

supply during deployment process,
• Show directness of uncoiling process by electric tip deployment concept.

18.3.2 Test Procedure

To test the inflating tip deployment, a test rack has been designed to provide
control on the necessary pressurized gas and to monitor the gas flow and pressure.
Thereby, the gas pressure was controlled by the test PC that manages the gas
delivering pump. Thus, different pressure characteristics were programmed to test
the deployment at high and low speed as well as the possibility to stop and restart
the deployment.

The chaotic deployment as well as the electric tip deployment were operated
from a persons hands to avoid deployment of the boom inside of the test rack and
reduce the complexity of the test rack to a minimum level.

Furthermore the total number of 8 high resolution cameras was used to observe
the deployment. The time offset of all cameras, the test rack and the aircrafts own
data recording equipment has been identified to synchronize the data sets
afterwards.

18.3.3 Test Results

As presented in Fig. 18.13 the deployment of the uncontrolled boom was analogue
to the simulation shown above in Fig. 18.10. The process is hardly directed and
very discontinuously.

Figure 18.14 displays one frame of the experiment records that has been created
for each of the 26 experiments. It contains the synchronized video frames of all
eight cameras, the pressure and mass flow rate date as recorded from the test rack
and the information on 0 g quality and flight altitude as provide by the aircrafts
board system. In addition the white ball at the coiling hub has been tracked by
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image processing software to generate values on the hub’s horizontal deployment
velocity and height over ground. Concentrating on the content of the frame it
shows the successful deployment of a 14 m long CFRP boom by inflation. The
electric tip deployment mechanism performs best. During all five experiments it
deploys an 8 m boom with high repeatability and without system related
difficulties.

Concluding the presented test the following statements can be formulated:
Deployment without any control mechanism is possible but not recommended.
Inflation controlled deployment works very well. However, degradation effects of
the Velcro tape have been observed after the same boom has been deployed up to
five times (decreased deployment inhibiting forces). Furthermore, the inflation
driven deployment process seems to be very demanding for the boom material.
The choice of the Velcro thickness and characteristic breaking force is important
to ensure no damage of the boom during deployment.

t = 0.0 s t = 2.0 s

t = 4.2 s t = 6.8 s

(a) (b)

(d)(c)

Fig. 18.13 Chaotic deployment of a boom without deployment controlling concept under 0 g

Fig. 18.14 Exemplary experiment record of inflation driven deployment [15]
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The electrical driven mechanism is the best directed deployment principle. It
handles the boom very carefully and causes therefore no material damage during
any test. The drawbacks of the principle are the high weight as well as the com-
plexity of the mechanism. Furthermore, it considers the jettisoning of the mech-
anism at the end of the deployment process which will cause space debris.
Therefore, is will not be suitable for earth orbit missions but only for interplanetary
and deep space missions. For further details please refer to [13].

18.4 Conclusion and Perspectives

In this section some general applications of deployable space structures have been
discussed and challenging aspects have been named. Furthermore, the basic
concept of DLR’s deployable CFRP masts as well as promising test results was
presented.

Therefore, the demand for gossamer structures in general as well as approaches
for their realisation have been introduced and discussed.

As a future perspective, the recently started GOSSAMER project [14] needs to
be mentioned. It pursues a new on-orbit verification approach that will verify the
deployment technologies for solar sail propulsion, thin film solar array technology
and deorbiting structures. Therefore, three missions of increasing complexity and
size are planned.

The addressed orbit will vary from mission to mission from very low Earth
orbits to orbits beyond GEO. Hence, the scientific and monetary value will rise
from one mission to the following which enables the sponsoring agencies to buy
the next mission only if the previous less-expensive mission had been a success.

The funding for the first sub mission GOSSAMER-1 by DLR, ESA and EU is
almost committed. It will demonstrate an on-orbit deployment of a 5 9 5 m solar
sail. The launch is scheduled for mid 2014.
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Chapter 19
Local Metal Hybridization of Composite
Bolted Joints

Axel Fink

Abstract Composite technologies have been proven to be advantageous in
allowing for the development of aircraft and spacecraft structures which feature
highly integral design concepts. However, structural joining using conventional
mechanical fastening techniques still remains an indispensable issue within the
design of advanced composite structures. Crucial challenges facing structural
joining are the inherent complexity of the stress state at the bolt locations on
the one hand and the multifaceted fracture mechanics of composite material on
the other. The aerospace industry’s increasing requirement for weight reductions
and a more efficient use of composites demands not only an accurate under-
standing of this material’s mechanics and its damage behavior at composite
joints but the development of advanced joining techniques as well in order to be
able to fully exploit the outstanding capabilities of composite material. The use
of a local hybridization with metal represents a suitable and technologically
feasible means to increase the mechanical efficiency of highly loaded composite
bolted joints which allows for a significant improvement of the overall structural
efficiency of real composite structures. This chapter presents the hybrid rein-
forcement concept and addresses some fundamental topics of this technology’s
mechanical behavior.
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19.1 Local Hybridization

From the very beginning of the history of technology the invention of efficient,
strong and durable joining techniques has been representing a mandatory and
challenging task always going along with the development of new tools, devices and
structures. Though often being attributed to a secondary role, the joining techniques
became decisive in terms of the structural functionality of most of the technical
inventions, ranging from the prehistoric stone axe to the latest spacecraft launchers.

Modern aircraft and spacecraft structures are still characterized by the use of
structural joining. Even for advanced composite structures, mechanical fastening
with rivets and bolts remain the most important structural joining technique with
regard to its reliability, detachability, inspectability, repairability and robustness.
Joints represent a structural discontinuity which results in a distortion of the load
paths hence exciting local stress intensities which develop to an inherent source of
damage or even structural failure. Numerous historical and recent incidents attest
the important role of joints in terms of a safe operation of transport vehicles,
irrespective of the structural material used. The loss of the composite vertical tail
plane of the American Airline A300–600 [1], the cracked Southwest Airline 737
fuselage [2], but even the sinking of the RMS Titanic [3] are only some examples
related to the natural weakness of joints.

Metals are prone to develop crack nucleations at the stress intensity locations of
bolt loaded holes under cyclic loading. This leads to crack formation, its propagation
with considerable crack growth rates and finally to a residual strength dominated by
the material’s fracture toughness. While metals standout through static notched
strength, which is insensitive to stress intensities, they feature important drawbacks
in terms of fatigue resistance. The fatigue behavior of metal can be considerably
improved by a laminated hybridization with fiber reinforced plastic layers—taking
advantage of the so called crack bridging effect provided by the fibers—which has
led to the development of FMLs (fiber metal laminates) for fatigue critical appli-
cations. Glare (aluminum hybrid laminate) [4] and HTCL (titanium hybrid laminate)
[5] are some of the most relevant examples. For joints and especially for the highly
fatigue critical lug joints of wing-fuselage attachments, Glare has been demon-
strated to show considerable fatigue resistance and damage tolerance allowing for a
higher stress level or longer inspection periods of the joint [6].

Contrary to metals, composite material features a pronounced notch sensitivity
which especially develops under quasistatic loading. However, composite bolted
joints stand out due to their excellent fatigue resistance and a residual strength that
often equals or exceeds the quasi-static strength as a consequence of inherent
material softening mechanisms. This behavior of composite material shall be
considered as the first paradox with regard to the metal’s behavior. Figure 19.1
shows the joint efficiency—ratio of joint strength to unnotched strength—of
single-row (1RBJ) and three-tandem-row (3RBJ) bolted joints in terms of their
quasistatic strength as a function of the diameter-to-width ratio. Due to
their notched sensitivity composites reach maximum efficiencies of 30% to 40%,
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multi-row joints being only slightly more efficient than optimal single-row joints.
Metals, however, offer efficiencies in the range of 80%.

What might be understood as the second paradox of composites in relation to their
bolted joint behaviour is described in Fig. 19.2 showing the bearing strength—one
important factor to attain high joint strengths, especially for single-row configura-
tions—in relation to the material’s unnotched quasistatic strength. Metals exhibit an
increase of bearing strength with larger tensile strengths. The bearing strength of
composites, on the contrary, decreases with rising material strength, which means
that the material’s directional performance on the one hand and the joint performance
on the other are two opposing phenomena. This discrepancy affects the lightweight
potentials of composite materials within a real structural context.

In analogy to the improvement of monolithic metal, the hybridization of
composite laminates is deemed an effective means to overcome the inherent
deficiencies of composite laminates. With regard to the complex stress state at a
bolt loaded hole and the corresponding simultaneous demand for sufficient bear-
ing, shear and notched strength capabilities, the laminate’s hybridization with

Fig. 19.1 Efficiency of
composite and metal single-
row and multi-row bolted
joints

Fig. 19.2 Bearing strength
against the unnotched tensile
strength of composites and
metals
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high-strength metal takes advantage of its favourable isotropic properties in order
to improve the bolted joint performance.

The local hybridization technique has hence been proposed and developed as a
bolted joint reinforcement approach. This technique entails the local substitution
of composite plies by metal sheets or foils of corresponding thickness within the
bolted joint region, as depicted in Fig. 19.3, without the implementation of any
interfacial adhesive. Continuous plies, which should contribute most to the total
load carrying of the laminate, are allocated adjacent to each embedded foil, hence
acting as an adhesive interlayer. The ply substitution technique allows for reducing
or, in the optimal case, eliminating the need for local thickening. This effect avoids
local eccentricities and their associated secondary stresses and reduces fastener
grip lengths and the peripheric elements’ geometric complexity.

The reinforcement with metal has often been addressed as the embodiment of
massive metal doublers on top of or within the composite laminate. The use of
thick plates or sheets is deemed, however, inefficient due to high interlaminar
stresses at free edges and crack surfaces, the limited effect of fiber bridging, the
low amount of interfaces, the pronounced delamination risk and the occurrence of
irregularities at the transition region which all translate to moderate strength,
damage tolerance and fatigue resistance capabilities.

The key for a high performance hybrid laminate is found in a high discretization
of the lamination—a principle that generally applies for all multiphase laminated
materials—, which can be especially accomplished for prepreg laminates by
means of ply-wise hybridization. The maximum metal content amounts in that
case to about 50%.

19.2 Improvement of Bearing Strength

With regard to their galvanic compatibility, their low CTE (coefficient of thermal
expansion) mismatch and high specific strengths, titanium alloys are deemed the
best material choice for the hybridization of carbon fiber reinforced plastics. Apart

Fig. 19.3 The local reinforcement approach by means of laminate hybridization
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from the obvious but not trivial requirement for a strong and durable bond between
the metal and the composite constituent, the metal’s stiffness and the strength are
two essential factors defining its reinforcement capabilities. The magnitude of
reinforcement is moreover conditioned by the hybrid laminate’s metal content and
its laminate ply configuration.

The improvement of the ultimate bearing strength of two exemplary composite
laminates is presented in Fig. 19.4 as a function of the metal content and the metal
strength. The reinforcement effect increases with rising metal content and strength
when substituting all but the main load carrying 0�-plies. However, the impact of
rising titanium strength is limited, providing no further increase of the laminate
bearing strength beyond tensile strengths of 1370 MPa. This effect, which is also
present in terms of the offset bearing yield strength, is a consequence of the
damage initiation and accumulation within the composite plies which remains
unavoidable irrespective of the titanium strength [7, 8]. Only a simultaneous
increase of the metal modulus allows for the development of the advantageous
effect of rising metal strength [7], which is best achievable by the use of steel as
the reinforcement material. Despite the considerable thermal residual stresses
excited by a larger CTE mismatch, steel hybrid laminates reach exceptionally high
bearing strengths in comparison to titanium hybrid laminates, even in the case of
equal metal strengths and metal contents. This means in turn, that less metal is
required to achieve the same reinforcement effect, which translates to less metal
integration efforts and costs and a larger hybridization flexibility. The reinforce-
ment effect results to be more pronounced for less strong carbon fibers—M40 J
against HTS fibers in the present case—as well as for laminates with a higher level

Fig. 19.4 Bearing strength improvement of a [50/40/10] and a [50/33.3/16.7] composite
laminate with HTS and M40J fibers resp
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of orthotropy, as presented in Fig 19.5 on the bases of a titanium hybrid laminate
with the moderate metal content of about 25% and varying composite ply orien-
tations. In terms of both, ultimate bearing strength and 0.5%-offset bearing
strength, 0� and ±45� plies show nearly the same impact on the hybrid laminate’s
bearing capabilities, whereas a 90� ply content tends to reduce them. With rising
metal content, the metal constituent becomes more predominant and the influence
of the orientations of the composite plies diminishes. However, the fracture
behavior still remains dominated by the material’s laminated configuration and its
specific damage mechanisms [7], which include the deterioration of the composite
constituent, ply delamination and the related out-of-plane deformation, and finally
lead to a sudden loss of load bearing capabilities. Only for high metal contents
beyond 50% a positive effect of 90� plies is present [9], which is considered a
consequence of their stabilizing effect against out-of-plane deformation.

19.3 Reinforcement of Bolted Joints

For multi-row bolted joints, the transfer load is shared—in an unbalanced fashion
for more than two rows—among the bolt-rows. Hence, the laminate’s bearing
strength and shear strength, although still important, play a secondary role in terms
of the ultimate joint strength. Regarding the by-pass and transfer-load interactions
at the critical outer bolt rows, the laminate’s notched strength represents the
predominant material property attaining high ultimate joint strengths. The joint
strength of a three-row bolted joint (Fig. 19.6), with a width-to-diameter ratio and
pitch-to diameter-ratio of 4 and 3 respectively, is presented in Fig. 19.7 as a
function of the metal content for a hybrid laminate composed of 0� plies and
titanium (Ti-6Al-4 V) or steel (301).

The strength of a single-row joint with equal width-to-diameter ratio and an
edge-to-diameter ratio of 3 is included for comparison. For a three-row bolted

Fig. 19.5 Ultimate bearing
strength (UB) and 0.5%-
offset bearing strength (OB)
of a titanium hybrid laminate
with a varying content (X%)
of 0, 90 or ±45� plies
(R remaining content)
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joint, a relatively small metal content is necessary to provide a unidirectional
laminate with a sufficient shear and bearing strength in order to initiate a net-
tension failure and develop maximum load capabilities. Due to the lower strengths
of metal, a higher hybridization degree reduces the notched strength, hence
offering no further reinforcement capabilities. Due to a 100% load transfer, a
single-row bolted joint demands a higher hybridization degree for achieving
adequate shear and bearing strengths. Nevertheless, single-row bolted joints with
metal contents between 20 and 40% are capable to reach the joint strengths of
three-row-bolted joints of typical composite laminates. The resulting weight
saving potential is significant and obvious.

With regard to the predominant notched strength at multi-row bolted joints, the
hybridization results in greater efficiency for less orthotropic, and hence lower-
strength, composite laminates. On the contrary, the highest reinforcement effects at

Fig. 19.6 Three-row bolted
joint on a CFRP/steel
laminate

Fig. 19.7 Strength of a
three-row (3RBJ) and single-
row (1RBJ) bolted joint of a
0�/metal hybrid laminate vs.
the metal content. B bearing
failure; S shear-out failure;
NT net-tension failure; CL
cleavage failure; PO pull-out
failure
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single-row bolted joints, demanding high bearing strengths, are reached for highly
orthotropic laminates.

The metal hybridization evidently improves the quasistatic strength of bolted
joints. For joints on monolithic composite laminates, the fatigue behaviour is
usually not an issue due to the low strains demanded from static requirements on
the one hand and the favourable fatigue resistance on the other. For hybrid
materials, on the contrary, it gains in importance with regard to the presence of a
metal constituent, especially for aircraft applications. Provided the case of ade-
quate interface bond strength and material’s configuration, low thermal residual
stresses and proper laminate discretization, the fatigue resistance is however
deemed to be positively influenced by the crack bridging effect, well known from
typical FML applications. After being subjected to a MINITWIST spectrum
loading during five aircraft lives, no cracks or delaminations are present for bolted
joints on hybrid titanium material irrespective of the metal content. The residual
strength is depicted in Fig. 19.8 which demonstrates no apparent loss of static
strength capabilities for lower titanium contents. The residual strength slightly
decreases with rising metal content [10]. Crack formation within the titanium plies
and a corresponding delamination is nevertheless observed for hybrid titanium
laminates under a quite severe cyclic loading with a loading ratio of R = 0.1 and
an amplitude loading of 66% of the quasistatic strength [11]. Specimens with
lower titanium contents survive one million cycles without rupture and reach
residual strengths similar to the quasistatic strengths.

19.4 The Transition Region

In order to exploit the full reinforcement capabilities of the hybridization, the
transition region from pure composite to hybrid laminate has to reach equal or
better joint efficiencies in comparison to the bolted joint. Two mechanisms

Fig. 19.8 Residual strength
after MINITWIST spectrum
loading and R = 0.1 cyclic
loading
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determine the strength limitations of the transition region: the delamination of both
the interrupted composite plies and the metal sheets on the one hand and the
overstressing of adjacent continuous plies at each substitution point on the other
[8, 11]. The total effective stiffness—thickness times modulus—of the metal sheets
and the interlaminar fracture toughness represent two key issues affecting the
delamination resistance. The interlaminar toughness is dependent on the matrix
properties, the fiber-resin interaction and the strength of the adhesive interface
between the metal and the resin. High bond strength—and durability—is achieved
by specific metal surface treatments [12]. Special testing methods have been
developed to substantiate the critical energy release rate of hybrid laminates as a
measure of the interlaminar fracture toughness [13]. It is essential to account for
the interlaminar fracture toughness as a function of the laminate thickness [7]
when designing the transition region. The use of thin and compliant metal foils, as
well as a staggered configuration of the substitution points enables a smooth
longitudinal and flexural stiffness change. With regard to their large modulus and
CTE, steel foils are much more prone to delamination than titanium foils.
An overview of the quasistatic strength of different transition region configurations
is presented in Fig. 19.9 in terms of their efficiency (ratio of the transition region’s
ultimate strength to the composite laminate ultimate strength). For transitions with
no interruption of 0� layers, exceptionally high joint efficiencies of almost 100%
are achieved under tension loading irrespective of the foil thickness. A substitution
of load carrying 0� plies leads to a reduction of the load capability, which is more
pronounced for thicker metal sheets. Nevertheless the efficiencies are within a
range of 70% to 90% which is considerably larger than the bolted joint’s

Fig. 19.9 Strength efficiency of exemplary transition regions with different metal contents and
sheet thicknesses under tension and compression loading
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efficiency. Whilst the titanium and the steel hybrid laminates with thin foils show a
fiber failure due to overstressing, the final failure of steel laminates with thicker
foils is triggered by delamination. The compression strength denotes no strength
loss in comparison to the reference composite laminate, the slight exceedance of a
100% efficiency being deemed associated to the known peculiarities of com-
pression testing.

The material and transition region’s configuration factors influencing the static
behavior are also determining in terms of fatigue behavior. Thicker titanium sheets
are prone to develop cracks—depending on the load level and the fatigue loading
type—which are however effectively bridged, under the formation of localized,
delaminations, by the adjacent continuous 0� plies. The substitution of 0� plies turn
out to be critical, arising as potential source of delamination at the ply substitution,
points especially under repeated compression loading [11]. Despite the crack and
delamination formation, well-designed transition regions offer residual tensile
strengths comparable to the quasistatic strengths.

19.5 Exemplary Applications

The load capabilities of hybrid single bolted joints are superior to multi-row
composite bolted joints. Despite similar or even lower specific strengths (ratio of
strength to laminate density), the local hybridization offers drastic weight saving
potentials due to the reduction of the amount of bolt rows and fasteners, the
elimination of pad-ups, the diminution of overlap lengths and the simplification of
connecting fittings and peripheric elements. Hence, the weight efficiency of a
reinforcement technique mainly results from secondary mass savings as a conse-
quence of the large absolute—and not specific—joint strength capabilities.

Hence, the local titanium hybridization enables to introduce a single row bolted
joint instead of a baseline double row bolted joint at the upper interface root joint
of a payload adaptor. This in turn reduces the amount of fasteners and the weight of
the aluminium connecting ring. This enables a possible mass reduction of 25% of
the additional joint mass which translates, in this special case, to a corresponding
payload mass increase [13].

Another example represents the intersegmental joints’ reinforcement of the
future Ariane 5 composite booster case. The extremely high axial force flow
resulting from the operational inner pressure demands a massive reinforcement of
the composite laminate at the bolted intersegmental joints. The baseline design
hence features a double-row bolted joint and a considerable local laminate thick-
ening. By introducing a local titanium or steel hybridization of the composite
laminate the double-row design can be substituted by a single-row design while
eliminating any local thickening. Despite of an increase of the laminate’s density,
the reduction of the heavy steel connecting rings and the amount of steel bolts result
in an overall reduction of the additional joint mass between 20 and 30%. Moreover,
the reduction of the hoop plies and the new ring design enables the alleviation of the
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radial constraint at each intersegment joint and the related secondary stresses [14].
The compatibility of the hybrid technology with resin infusion techniques was
successfully demonstrated for this application [15]. The transition region and the
conceptual joint design are shown in Figs. 19.10 and 19.11 respectively.
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Chapter 20
Payload Adapter Made from Fiber-Metal-
Laminate Struts

Boris Kolesnikov, Daniel Stefaniak, Johannes Wölper
and Christian Hühne

Abstract In comparison to other transport systems, launch vehicles are charac-
terized by relatively light but extremely valuable payloads. The launcher’s upper
stage structures, e.g. payload adapter and fairing, offer the highest weight saving
potential. An effective weight reduction can only be achieved by the combined
utilization of high performance materials and adapted construction methods. To
improve the structures damage tolerance a new hybrid lay-up has been developed,
which combines the properties of both, steel and carbon fiber reinforced plastics
(CFRP). This chapter presents a preliminary design of a payload adapter as a
framework, which is based on the high performance material properties of uni-
directional CFRP-steel-laminates, offering a considerable weight saving potential.

20.1 State-of-the-Art Construction Technologies
for Payload Adapters

Previous adapters used in launcher structures are made of metal, fiber reinforced
plastic (FRP) or a combination of both materials. The adapter 1666A of the
‘ARIANE 4’, for example is an aluminium semi-monocoque construction,
Fig. 20.1a, whereas CFRP is used for the adapter 1,194 V, Fig. 20.1b. The latter is
designed as a sandwich-construction with aluminium frames. Similar material
combinations can be found in the ‘ARIANE 5’, in which the VEB (Vehicle
Equipment Bay) type A is made of CFRP as sandwich, Fig. 20.2a. Monolithic
CFRP adapters are also used for this launcher, Fig. 20.2b.
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CFRP-sandwich structures are also used in the Russian launcher ‘Soyuz’ [1].
For many years, CFRP-lattice-structures for adapters have been successfully used
in Russian aerospace [2, 3–5]. Figure 20.3 shows a (a) CFRP lattice-structure
adapter and (b) aluminium adapter with a variable wall thickness of the Russian
launcher ‘Proton-M’. Weight- and cost savings up to 60% can be achieved by
utilizing a CFRP-lattice structure compared to a metallic [2].

However, in all these examples metal and CFRP are combined on a structural
level and not on a material scale. Fiber metal laminates have not been found in
adapters for launcher structures so far.

20.2 Current Fiber Metal Laminates

Research on fiber metal laminates has been done for more than 40 years to
improve the material performance of the individual constituents [6, 7]. The well-
known material GLARE (Glass Fiber Reinforced Aluminium) is a combination of
layers of glass fiber reinforced plastic (GFRP) which is used in the upper fuselage
of the ‘AIRBUS A380’. The use of glass fibers considerably reduces the risk of
fatigue compared to monolithic aluminium [7].

Local reinforcement of joining areas is another important discipline for fiber
metal laminates [6, 8–11]. Fiber laminates, especially highly orthotropic laminates,

Fig. 20.2 a VEB structure
type A with adapter and
b monolithic CFRP adapter
of ‘ARIANE 5’ [1, 21]

Fig. 20.3 a CFRP-lattice
structure adapter and
b aluminium adapter of
‘Proton-M’ [2]

Fig. 20.1 a Adapter 1666A
and b 1,194 V of ‘ARIANE
4’ [1, 21]
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are characterized by low bearing and shear capabilities. Therefore, a local laminate
built-up at the joining area is necessary to increase the load capacity of the lam-
inate, Fig. 20.4a. Secondary stresses and eccentricities due to thickening on one
side are the unfavourable consequences.

Another solution to improve the low bearing strength offiber laminates is the local
reinforcement technique characterized by the gradual substitution of specific com-
posite plies by high-strength metal foils, cf. Fig. 20.4b. This approach eliminates any
laminate thickening and secondary stress and consequently reduces the size and
weight of fastening elements [11]. The transition region between the pure composite
and the metal reinforced coupling region reaches a coupling efficiency (ratio of
transition strength to strength of basic composite) of up to 100% [8, 10–12]. This
leads to an increase of the specific strength of the bolted joining of up to 41%
compared to pure CFRP [11].

20.3 Framework Design for an Upper Stage Adapter

In the following a VEB-structure as a V-ring construction with an adapter in
framework design is investigated. As a consequence of the framework design the
struts, serving as main structural elements, are only loaded in longitudinal direc-
tion. This allows a unidirectional alignment of all carbon fibers as long as damage
tolerance needs are sufficiently satisfied. Thus, struts with quadratic and circular
cross sections are investigated (Fig. 20.5).

20.4 Fiber Metal Laminates Increase Degree Capacity
Utilization of CFRP-Strut

In a variety of aerospace applications, the industry’s increasing requirements for
higher structural efficiency compete with the fundamental requirements for damage
tolerance. Especially, when high specific uniaxial mechanical properties are desired,

Fig. 20.4 a Transition zones with and b without eccentricity [11]
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notch and impact sensitivity properties drastically limit the fiber fraction in load
direction since laminates are created by stacking sequences with various orienta-
tions. Additionally, the thickness of equally orientated layers is limited to reduce
crack distribution.

As a result, stiffness and strength per unit weight of the laminate for a given
direction are lower than the corresponding values of a unidirectional composite.
Particularly buckling endangered longerons and struts with high stiffness
requirements suffer a loss of their lightweight potential due to the reduced residual
strength capability.

Conventional fiber metal laminates, for example those described in the patents
of Kolesnikov [12] and Westre [13] contain metal-layers with a thickness of
0.08–1.0 mm and therefore relatively high metal fractions impair the weight
efficiency of the laminate.

Recognizing these limitations, a new laminate lay-up has been developed to
improve the CFRP performance [14]. This new laminate consists of metal layers
with a thickness of less than 0.08 mm and unidirectionally aligned fiber layers
which are stacked as alternating layers of metal and fiber. Hence, stiffness and
strength in the 0�-direction are not reduced in comparison to the use of variant
fiber directions. The metal layers deflect inter-fiber-fracture in zones of delami-
nation; they serve as crack arrest layers and the energy dissipation is elevated due
to the increase of the delamination area as a consequence of an increased number
of interfaces within the laminate. Transverse stiffness and strength are increased
compared to unidirectional laminates while the specific stiffness in the 0�-direction
is higher compared to common multi-axial CFRP laminates (Fig. 20.6).

Fig. 20.5 a V-ring with adapter as framework design using struts with b quadratic and circular
cross section
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20.5 Analytical Preliminary Design of Framework-Design

The local and global buckling of the structure is estimated for the preliminary
design and the bending moment in the frame is investigated. Based on these
results, different adapter configurations are compared.

20.5.1 Geometrical Relationships of Struts
in a Conical Framework

Figure 20.7 shows the proposed conical framework structure [15] for the adapter.
The length Ls shown in Fig. 20.7 is determined by

LS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ r2 þ l2 � 2Rr cosðp=nÞ

p
ð20:1Þ

Fig. 20.6 Unidirectional
fiber metal laminate [22]

Fig. 20.7 Geometrical
relations for framework
adapter
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The normal forces in the struts F of a conical framework due to the load P are

F ¼ PLS

n2l
ð20:2Þ

The graph in Fig. 20.8 shows the relation between strut forces and the number
of nodes for a given load case. Increasing the number of nodes from 8 (equals 16
struts) to 24 (equals 48 struts) reduces the normal strut forces by a factor of 3.64.

20.5.2 Estimation of Local and Global Buckling Stress of Struts

The global and local buckling stresses of struts with a square cross section, as
shown in Fig. 20.5(b), are estimated as follows [16, 17]:

rbuckl:global ¼
p2E1Imin

AS mLSð Þ2
ð20:3Þ

rbuckl:local ¼
p2t2

lam:

6b2

ffiffiffiffiffiffiffiffiffiffi
~E1 ~E2

q
þ ~E1l2 þ 2G12

� �
ð20:4Þ

~E1 ¼
E1

1� l1l2ð Þ ð20:5Þ

~E2 ¼
E2

1� l1l2ð Þ ð20:6Þ

For struts with a circular cross section, the global and the local buckling stresses
according to [15, 18, 19] are

rbuckl:global ¼ m
p2

2
E1

RS

LS

� �2

ð20:7Þ

Fig. 20.8 Strut loads as a
function of the number of
nodes
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rbuckl:local ¼
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3ð1� l1l2Þ

p
ffiffiffiffiffiffiffiffiffiffi
E1E2
p tlam:

RS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2=E1

p
þ 2G12ð1� l1l2Þ=E1 þ l2

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
E2=E1

p
þ E2=G12 � 2l2

s

ð20:8Þ

The effective buckling length factor m = 1 that, represents a simple support of a
bar is used for the calculation of the global buckling stress with Eqs. (20.3) and
(20.7). The non-axially symmetric buckling-stress is estimated with Eq. (20.8).

20.5.3 Radial Loads in Frames

As a consequence of the conical adapter shape, radial loads Pr (Fig. 20.9) act in the
nodes a, b, c, d etc. (Fig. 20.7).

The radial loads Pr are given by

Pr ¼
P

n
tan b ð20:9Þ

The relation of radial loads Pr in frame B as a function of the number of nodes
is given in Fig. 20.10. Increasing the number of nodes from 8 (equals 16 struts) to
24 (equals 48 struts) reduces the radial loads Pr by factor 3.

20.5.4 Maximum Bending Moment in Frames

The radial loads Pr generate a bending load in frame B. According to [16] and [20]
for 0 B u B a (see Fig. 20.9) the bending moments in frame B are estimated by:

M ¼ PrR

2
cosðuÞ
sinðaÞ �

1
a

� �
ð20:10Þ

Fig. 20.9 Radial loads in adapter frames
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in which the angle a is

a ¼ p
n

ð20:11Þ

The positive maximum bending moments in frame B occur at angles
u = 0, 2a, 4a …:

MðþÞmax ¼
PrR

2
1

sinðaÞ �
1
a

� �
ð20:12Þ

The negative maximum bending moments in frame B prevail at angles u = 1a,
3a, 5a …:

Mð�Þmax ¼
PrR

2
cotðaÞ � 1

a

� �
ð20:13Þ

The maximum bending moments in frame B as a function of the number of
nodes are given in Fig. 20.11. Increasing the number of nodes from 8 (equals 16
struts) to 24 (equals 48 struts) reduces the maximum bending moment almost by a
factor of 7.

Fig. 20.10 Radial loads in
frame B as a function of the
number of nodes

Fig. 20.11 Maximum
bending moments in frame B
as a function of the number of
nodes
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20.5.5 Weight Saving Potential of Framework Configurations

Detailed investigations prove that the total weight is nearly independent of the
number of nodes for the considered node numbers in the previous calculations.
However, based on the considerable reduction of the bending moments in frame B
for increased node numbers, n = 22 nodes are selected for further investigations.
A further increase of the node numbers seems unnecessary since the maximum
bending moment asymptotically approaches a lower limit.

The weight reduction of the struts is regarded as a primary optimization
parameter. Struts of pure CFRP and unidirectional CFRP-steel-laminates are
investigated based on a classical optimization method. Laminate thickness, strut
diameter and lay-up are systematically varied to reach a similar safety margin
against compression failure as well as local and global buckling in the struts.

Therefore, two different unidirectional fiber metal laminates (CFRP-titanium
and CFRP-steel) with following parameters were investigated:

• thickness of CFRP-layer (prepreg): tCFRP = 0.125 mm
• thickness of titanium- and steel-layer: ttitan = tsteel = 0.01 mm
• fiber orientation in CFRP layer: exclusively in the direction of the applied load

(unidirectional)
• metal volume fraction VM: 1.43% up to 7%

Following the described optimization method, the total weight of the adapter
was calculated for different configurations of the derived bending loads in frames
A and B using the given material parameters. The four most promising configu-
rations are listed in Table 20.1, whereas the weight reduction is given in com-
parison to a reference CFRP-sandwich construction. Therein no coupling elements
are considered, neither for the framework nor for the sandwich design.

Table 20.1 Weight reduction compared to CFRP-sandwich reference; VM: metal volume
fraction

Configuration 1 2 3 4

Description CFRP 76.5/
23.5/

CFRP-titanium CFRP 75/25/0 CFRP-steel

Metal volume fraction
(%)

0 1.74 0 3.1

Cross sections struts
(mm)

Quadratic
49 9 49

Quadratic
45 9 45

Circular radius:
28.2

Circular radius:
30.1

Thickness laminate
(mm)

2.125 2.29 2 1.29

Weight reduction (%) 25.2 24.5 29.4 36.9
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20.6 FEM Analysis for Preferred Framework Configuration

The intention of the FEM-calculation is the validation of the analytical solutions
for the framework and the sandwich design of the adapter. MSC software PA-
TRAN (pre- and post-processing) and NASTRAN (Solver) was used for the
simulations.

The 44 struts of one of the framework configurations are modelled with beam-
elements. The connection between beam and barrel is modelled with RBE3 ele-
ments. The loads are applied to the nodes according to Fig. 20.12.

The FEM-results show a good agreement with the analytical solutions.

20.7 Experimental Investigation of Unidirectional
CFRP-Steel-Laminates

Compression-After-Impact (CAI) examinations with 30 J impact were performed
at CFRP-UD-laminates, CFRP-62.5/25/12.5-laminates and CFRP-UD/steel-lami-
nates with different metal volume fractions using metal foils of 0.05 mm thickness.
The UD-laminates showed catastrophic failure after impact, whereas the residual
strength after impact could be tested for the other lay-ups, see Fig. 20.13.

The CFRP-UD/steel-laminates showed higher values for residual compression
strength and demonstrated an elastic modulus increased by 65% compared to the
CFRP-62.5/25/12.5 reference laminate (Fig. 20.14).

Fig. 20.12 External load
application

Fig. 20.13 (a) Damage after
30 J impact; UD (b), [62.5/
25/12.5] (c); [92.5/7.5St/0]
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20.8 Conclusion

Advantages in weight efficiency of an adapter in framework design compared to a
sandwich design could be shown analytically. The results were validated by a
numerical simulation showing very similar values. The weight efficiency can be
improved by using unidirectional CFRP-steel-laminates. However, damage toler-
ance properties have to be proven for these novel materials. Experiments for a steel
thickness of 0.05 mm showed promising results, but thinner foils offer a higher
potential for the regarded adapter.
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Chapter 21
About the Spring-In Phenomenon:
Quantifying the Effects of Thermal
Expansion and Chemical Shrinkage

Erik Kappel, Daniel Stefaniak and Christian Hühne

Abstract A straightforward approach to predict spring-in deformations of angled
composite parts is presented. Therefore, a proposal by Radford is extended in order
to calculate the spring-in contribution due to chemical shrinkage. For this, the
volumetric shrinkage of neat thermoset resin, which is in the range of 2–7%, is
transferred to equivalent strains on ply level assuming no shrinkage in fiber
direction. As the fiber volume fraction (FVF) affects mechanical and chemical
properties significantly, the spring-in angle is affected as well. Therefore, the
numerical investigation accounts for the spring-in angle and its thermal and
chemical contributions depending on the FVF. Classical laminate theory (CLT) is
utilized to homogenize layup expansion and shrinkage properties. For validation
purposes, model predictions are compared with measurement results gained from
one manufactured test specimen. Good agreement between analytical and experi-
mental results is found. Furthermore, the chemical contribution of the total spring-
in angle Du turned out to be significantly larger than the thermal contribution.

21.1 Problem’s Topicality and Influence Nowadays

The propagation of carbon fiber reinforced plastics in civil aircraft since 1975 has
been accompanied by remarkable effort in modeling the specific material behavior
of composites. Considering rapidly expanding quantities for modern aircraft, the
efficient manufacturing processes gain more importance within the process-chain.
Fabrication with high dimensional fidelity is one essential key issue in order to
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achieve a cost-efficient overall concept. First-Time-Right fabrication must be
aspired as manual rework is commonly cost intensive and time consuming. Due to
the complex non-isotropic material properties of composites and to common high-
temperature and high-pressure manufacturing processes, carbon fiber reinforced
plastics tend to show undesirable deviations from the nominal geometry after
manufacturing. Those deviations, often referred to as spring-in, are detrimental to
achieving a cost-efficient process-chain, as they increase assembly costs due to
additional efforts as for example shimming.

Apart from detailed numerical models, which account for the entire complexity
of the manufacturing process there is a strong desire to have easy to use pre-
dimensioning tools, which are able to predict expected manufacturing deforma-
tions with sufficient accuracy as it is desirable at the tool design for example.
RADFORD [6] designated thermal expansion and chemical shrinkage as the main
driver for manufacturing-induced deformations. Therefore, the present study
quantifies thermal and chemical fraction of the spring-in deformation by extending
RADFORD’s approach [6]. As expansion and mechanical properties depend sig-
nificantly on the FVF, the spring-in angle and its contributions are calculated as a
function of the FVF within this study. Comparison of geometrical measurements
of a fabricated test specimen with the predicted spring-in angle Du and its frac-
tions shows promising accuracy.

21.2 Sources of Spring-In Deformations

Carbon fiber reinforced plastics (CFRP) are commonly composed of isotropic resin
and orthotropic fibers. Within current manufacturing processes elevated temper-
atures and high pressure are applied in order to accelerate the manufacturing
process and to reduce the void content. The orthotropic mechanical and thermal
properties of carbon fibers in combination with the curing process of the resin
result in complex physical interactions during the entire manufacturing process.
Whereas the fiber properties tend to show no strong temperature dependency, the
resin properties change significantly during processing. Within the composite heat
transfer mechanisms are acting caused by thermal boundary conditions due to
autoclave heating for example, and due to internal heat generation, induced by the
ongoing chemical reaction of the resin. Furthermore, the rheological properties of
the resin change starting with a viscous behavior in the liquid state, running
through a visco-elastic behavior in the rubbery state and ending up with an elastic
behavior in the cured rigid state. A unidirectional ply/laminate shows transversal
isotropic material properties, resin properties being dominant in the plane per-
pendicular to the fiber orientation. Within the aircraft industry, multi-angle lam-
inates are common in order to account for the acting stress-states. In general, those
layups show orthotropic material properties, however, the in-plane and out-
of-plane properties differ significantly as the former are dominated by the fiber
properties and the latter are resin dominated. This is shown exemplarily in
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Fig. 21.1 for a [0,90]s layup. Therein, the orthotropic Young’s moduli Ei, the
coefficients of thermal expansion (CTE) ai, the moisture swelling coefficients bi

and the effective chemical shrinkage coefficients nj are depicted in polar-plots
schematically.

Those orthotropic properties do not induce shape changes in flat areas during
the manufacturing process but they affect curved sections. RADFORD [6]
developed an analytical relation between the aspired reference angle ~u and the as-
built angle u as a function of the tangential and radial expansion, as shown in
Fig. 21.2. Consequently, the spring-in angle Du is defined as the difference
between the as-built angle and the reference angle. Regarding thermal effects,
application of an isothermal load to a curved laminate with consideration of the
CTEs depicted in Fig. 21.1 a large change in thickness direction is obtained but no
corresponding change in arc length.

Without allowing shear deformations an angle-change is the consequence.
It should be noted that the index k within Eq. 21.1 represents thermal expansion,
moisture swelling and chemical shrinkage, which are handled in exactly the same
manner. Investigating the consequences of those part deviations, it must be
distinguished between direct and indirect deformations. Figure 21.3 depicts direct
deformations as they occur on profile structures and indirect ones, which are
common for monolithic fabricated stringer-skin sections for example.

Within the present article direct shape changes are investigated utilizing
classical laminate theory (CLT). It is focused on symmetric multi-angle aircraft

Fig. 21.1 Orthotropic properties of a [0,90]s laminate—Ei denotes the orthotropic Young’s
moduli, ai denotes coefficient of thermal expansion, bi coefficient of moisture expansion, nj

denotes the effective chemical shrinkage, respectively
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laminates consisting of ±45, 90 and 0� plies. For validation purposes, numerical
and experimental results obtained with selected CFRP test specimens are
compared.

21.3 Analytical Investigation of the Spring-In Effect and its
Contributions

As aforementioned, manufacturing of CFRP is affected by a multitude of different
parameters. The fiber volume fraction (FVF) is one essential measurand in order to
assess the performance of a fabricated composite part. As the mechanical prop-
erties depend on the FVF, the spring-in behavior is affected as well. According to
RADFORD [6], thermal expansion and chemical shrinkage are the main con-
tributors to the spring-in deformations. SVANBERG [9] for example, stated a
volumetric shrinkage of neat resin of about 5.4%. Commonly 2–7% cure shrinkage
are typical for thermoset resins. Contributions due to moisture effects are neglected
within the present study, hence, they are hardly present right at the end of the
manufacturing process. According to SPRÖWITZ et al., [8] the volume change of
a reference volume with the edge lengths a, b and c with orthotropic material
properties is given by DV = eaebec ? eaeb ? eaec ? ebec ? ea ? eb ? ec.

As chemical shrinkage occurs in the resin solely and with respect to the high
fiber stiffness, it is assumed that strain due to chemical shrinkage occurs perpen-
dicular to the fibers only. Thus, strains in fiber direction ea are assumed to be zero.
Introducing e* = eb = ec for strains in the resin-dominated direction, the volume
change due to chemical shrinkage can be written as follows.

DV = e�ð Þ2þ 2e� ð21:2Þ

That assumption corresponds to results presented by ERSOY [2], who reported
that in the manufacturing process unidirectional (UD) laminates reveal significantly

Fig. 21.2 Change in angle due to orthotropic expansion properties according to RADFORD [6]
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smaller through-thickness strains than cross-ply laminates. ERSOY [2] traced that
back to the fact that due to the bi-axial fiber orientation of the cross ply laminate
resin shrinkage must occur mainly in thickness direction. Solving the Eq. 21.2 for e*
gives strains perpendicular to the fibers as a function of the volume change DV.
Regarding a UD ply, the resin content is given by 1-FVF multiplied with the ref-
erence volume ~V: Considering that, effective strains are obtained to e�eff :

e�eff ¼ �1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1� FVFð ÞDV

p
�! aeq ¼

e�eff

DT
ð21:3Þ

Dividing by the cool-down temperature DT allows direct comparison of thermal
and chemical parameters. Within a small Matlab routine Radford’s approach has
been implemented in order to calculate the spring-in angle and its fractions. The
input parameters are ply thickness tk, resin shrinkage DV, nominal section angle ~u;
cool down temperature DT and an arbitrary layup such as [45,-45,…]s. Based on
orthotropic fiber and isotropic resin properties, engineering constants and thermal
expansion coefficients are calculated as a function of FVF. Therein, rules of
mixture proposed by SCHÜRMANN [8] are utilized.

a ¼ a1 a2 0f gT; aeq ¼
1

DT
� 0 e�eff 0f gT ð21:4Þ

As Radford’s approach is applicable only for homogeneous orthotropic mate-
rials, expansion properties are homogenized, as shown in Eq. 21.5.

ath

ach

� �

lam

¼ A�1 �
XN

k¼1

Q
k
�tk �

a
aeq

� �

k

ð21:5Þ

Therein ath and ach correspond to the vectors of homogenized thermal and
chemical expansion in global coordinates, A represents the extensional stiffness

matrix, Q
k
represents the lamina stiffness matrix of the k-th ply and represents the

thickness of the k-th ply. It should be noted that both consist of in-plane properties
only. However, Radford’s formula is based on the plane-stress (PS) assumption.
Thus, its application demands knowledge of expansion properties in thickness
direction. Analogous to the transverse direction of a UD ply the out-of-plane

Fig. 21.3 Direct shape changes of a C-profile (left), Indirect changes of a monolithically
fabricated stringer-skin section (right)
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properties of the laminate are resin dominated. Thus, it is assumed that the lam-
inate expansion in thickness direction equals the expansion of the UD plies per-
pendicular to the fibers. Figure 21.4 depicts that schematically.

Applying the spring-in angle calculation according to Eq. 21.1, while tangential
expansion properties are taken from the CLT model and radial properties in the
Radford model are taken from the local ply properties shown in Eq. 21.4, allows the
calculation of the corresponding spring-in angle. According to the variety of con-
ceivable layups, a global statement about thermal and chemical contributions of the
spring-in behavior is not possible. However, Fig. 21.5 depicts it for a quasi-isotropic
[45,-45,90,0]s layup exemplarily. Therein the spring-in angle Du corresponds to
the sum of thermal contribution Dutherm and chemical contribution Duchem.

Coefficients of thermal expansion (CTE) of the fibers and the resin utilized
in the present study are taken from Hexcel� data sheet, ANGHELESCU [1] and
PELLEGRINO [5] ða1 ¼ �0:63� 10�61=K; a2 ¼ 7:2� 10�61=K and ares ¼
65� 10�61=KÞ Inverse rule of mixture, as shown by SCHÜRMANN [7], is
applied to determine lamina CTEs as a function of FVF. Regarding realistic FVF

Fig. 21.4 Sources of the parameters applied in Radford’s approach

Fig. 21.5 Spring-in angle as
a function of FVF for a quasi-
isotropic laminate
[45,-45,90,0]s, gray area
represesnts estimated FVF of
fabricated specimens, blue
area represents unrealistic
and undesirable FVFs
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of 40% up to 80% the chemical fraction decreases from 71 to 61%, whereby the
total spring-in angle decreases from 1.6 to 0.6�. A FVF of 60%, as it is aspired in
common aircraft composite parts, corresponds to a spring-in angle of 1.1� with a
chemical contribution of 67%, which is as twice as high as the thermal
contribution.

21.4 Experimental Investigations

To verify the analytical approach test specimens have been manufactured using a
8552/AS4 prepreg system. Dimensions and shape of the L-profile test specimens
are similar to those used by KLEINEBERG [4]. Detailed information about the
process boundary conditions such as bagging, cure cycle and tool properties can be
found at KAPPEL et al. [3]. The manufactured specimens have been measured
using a full-field GOM Atos system in order to determine fabrication induced
deformations. While chemical shrinkage is irreversible, thermal expansion is an
elastic phenomenon. Assuming that vitrification of the resin took place at
T = 180� at the manufacturing process, this temperature is necessary to remove
thermo-elastic strains induced by the cool-down from curing to room temperature.

For the application of corresponding thermal loads, specimens have been placed
onto a controllable hot-plate, as shown in Fig. 21.6. The temperature of the hot
plate has been set to 200�C in order to compensate loss of temperature due to
convection and radiation. After 10 min on the hot plate, specimens have been
measured and actual angles have been evaluated using the GOM Inspect software.

The results of the experiment are summarized in Table 21.1. The manufactured
test specimen showed a spring-in angle at room temperature (T = 25�C) of 1.36�.
For a temperature of approximately 180�C a spring-in angle of 0.82� was obtained.

Fig. 21.6 L-profile test specimens (left), Hot-plate experiment (right)

Table 21.1 Difference of the spring-in angle between room temperature (25�C) hot conditions
(*180�C)

Layup Du (T = 25�C) Du (T & 180�C) Dutherm (�) Difference (%)

[45,-45,90,0]s 1.36 0.82 0.54 39.7
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That complies to a thermal contribution of the spring-in angle of 0.54�, which is
39.7% of the total angle Du. FVF of the fabricated specimen is approximately 60%
as the manufacturer’s recommended cure cycle (MRCC) has been used. Com-
paring measurement results with the numerical results, depicted in Fig. 21.5,
shows reasonably good agreement.

Considering that neat resin shrinkage has only been estimated with 5%, that the
specimen temperature during the measurement was approximately 180�C and that
process and tool conditions as well as tool-part interactions as described by
TWIGG et al. [10] and KAPPEL et al. [3] remain unaccounted in Radford’s
approach, the results agree surprisingly well.

21.5 Conclusions

Radford’s approach has been extended in order to calculate spring-in deformations
due to chemical shrinkage. Therefore, the volumetric shrinkage of neat resin has been
transferred to an equivalent shrinkage in the resin dominated direction, assuming no
chemical shrinkage in fiber direction. CLT is used to homogenize layup expansion
properties, handling chemical expansion analogously to thermal expansion. Subse-
quently, Radford’s approach is utilized accounting for thermal and chemical frac-
tions of the spring-in deformation. The FVF is one essential parameter for composite
parts, as it affects stiffness and expansion properties significantly. Consequently, the
spring-in angle Du and its fractions has been calculated as a function of FVF within
this study. For verification purposes, the extended approach has been experimentally
validated with one L-profile test specimen fabricated out of 8552/AS4 prepreg
material. Reheating the parts using a hot-plate allows to blank out the thermo-elastic
contribution of the spring-in angle, which is induced by the cool-down during
manufacturing. Using a full-field measurement system, the thermal fraction of the
spring-in angle of a [45,-45,90,0]s specimen could be obtained to nearly 40% of the
total spring-in angle Du, which is reasonably close to the numerical prediction.
Nevertheless, further specimens with different lay-ups are necessary to validate the
applicability of the presented procedure more thoroughly. Although slight uncer-
tainties remain due to its simplicity, the proposed strategy delivers promising results
for estimating the total spring-in angle and its thermal and chemical contributions.
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Chapter 22
Carbon Fiber Composite B-Rib for a Next
Generation Car

Jörg Nickel and Christian Hühne

Abstract Increasing environmental, economical, and social issues force future car
concepts to strive for maximum efficiency. As metal designs have reached a very
high level of maturity, further potentials are seen especially with extremely
lightweight (carbon) fiber reinforced composites (CFRP) exhibiting high strength
and stiffness, which are advantageously integrated into multi-material designs.
This section focuses on improvements in weight reduction, safety and modulari-
sation strategies for future cars. A novel Rib and Space-Frame concept incorpo-
rating carbon fiber composites is presented. Herein, an essential component
replacing the former B-pillar is the B-rib, which uses a novel mechanical principle
to meet the side impact crash requirements. Furthermore, using the Rib and Space-
Frame concept as an example, the entire process chain of fiber composites—from
materials to design, sizing, prototype manufacture, and testing—is being presented
also opening up perspectives for future mass production strategies.

22.1 Challenges of Future Individual Mobility

Three central challenges arise from the tense relation between the demands for—
and the negative effects of—mobility: securing mobility for people and goods,
protecting the environment and preserving resources, and improving safety and
security without neglecting cost efficiency. Subsequently the demands for future
vehicles by far exceed traditional requirements in automotive design [1–3]. A major
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objective is to minimise fuel consumption and CO2 emissions e.g. by reduced
driving resistance [2]. The driving resistance comprises four relevant aspects:

• Rolling resistance FRR resulting from the friction between the wheels and the
ground.

• Grade resistance FGR dependant on the inclination of the ground.
• Acceleration resistance FAR induced by the mass moments of inertia of the

rotationally and transversally accelerated masses of the vehicle.
• Aerodynamic drag FAD considering the air drag coefficient, the frontal area,

and the current velocity.

In any driving situation the summed resistances are in equilibrium with the
output of the engine at the driving wheels. This relationship is given as the sum of
driving resistances (22.1).

Mm �
itot

r
� gtot ¼ m � g � f � cos a|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

FRR

þm � g � sin a|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
FGR

þ e � m � €x|fflfflfflfflffl{zfflfflfflfflffl}
FAR

þ cW � A � qL

2
� v2

|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
FAD

ð22:1Þ

Variable Definition Unit

Mm Wheel hub torque (Nm)
itot Overall gear transmission ratio of powertrain [1]
r Dynamic wheel diameter (m)
gtot Gross degree of efficiency of powertrain [1]
m GVWR = gross vehicle weight rating (kg)
g Gravity acceleration 9.81 (m/s2)
f Rolling drag coefficient (–)
a Angle of elevation (�)
e Mass factor (for calculation see Ref. [4]) (–)
€x Vehicle acceleration (m/s2)
cW Air drag coefficient (–)
A Vehicle frontal area (m2)
qL Density of ambient atmosphere (kg/m3)
v Driving velocity (m/s)

This correlation reveals the strong influence of the vehicle mass which occurs
as a factor in three of the four terms of the above-mentioned equation. In a steady
driving condition on even ground, the influence of the mass decreases to a mini-
mum as only the rolling resistance and the aerodynamic drag are relevant. Under
discontinuous driving conditions or when the velocity is frequently changing,
as for e.g. urban traffic or short trips, the mass impact is dominant. Here, a mass
reduction can result in a significant decrease of fuel consumption, i.e. 100 kg less
weight usually results in an approximate fuel reduction of 0.5 l/100 km.
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As the car body has an average share of 25% of the overall weight, potentials
for lightweight design are mainly seen here.

Further issues arise from the major trend of individualisation. The effects are
reduced specific quantities per car variation [5, 6] and demands for additional options
of modularisation and derivatisation, also of drive-train, car body and structural
components. These aspects have to be considered in future vehicle concepts.

22.2 Novel Vehicle Concept

A novel upper middle class vehicle structure, that is fiber composite intensive in the
Rib and Space Frame Design, is seen as one solution to the challenges of future
personal mobility, [1], Fig. 22.1. Beside its modular construction incorporating a
CFRP intensive Multi Material Design [7], it is characterised by the simple inte-
gration of alternative drive-train concepts into the intrusion-resistant floor area,
which is protected by side crash compartments [8]. These would generally absorb
the forces of side and pole impacts. The basic Space Frame structure, which consists
of ring frames instead of A, B, and C pillars, is fitted onto the floor structure and
combined with geometrically simple profiles and highly integral cast metal joints.

22.2.1 Composite B-Rib: An Essential Component
of the Vehicle Concept

In the overall development, the focus of this Rib and Space Frame Design is
initially on the ribs with their higher design and dimensioning complexity.
The B-rib, which replaces a standard automobile B-pillar, was selected as an

Fig. 22.1 Vehicle concept with intrusion-resistant containment (DLR courtesy)
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example [8]. The ribs are made of carbon fiber composites. Carbon fiber reinforced
polymers (CFRP) are relatively expensive (around 25–50 €/kg), but offer the
required stiffness and energy absorption levels while remaining lightweight [7, 8].

Basically the B-rib has to fulfil side impact conditions according to Euro-NCAP
(50 km/h, 950 kg, 300 mm height of load introduction) [8]. For certification in the
US, the more ambitious American IIHS requirements (50 km/h, 1,500 kg, 379 mm
height of load introduction) are valid. Following concept development, topology
optimisation, construction and structural and dynamic analyses, prototypes suc-
cessfully meet these requirements.

22.2.2 Functional Principle of the Composite B-Rib under
Side Impact

The most significant load cases for the design of the floor assembly arise from both
the side and pole impact test procedures. The components of the drive unit must
not be forced against an incompressible object, as this would cause the acceler-
ation values for the occupants to increase too sharply.

Therefore a chassis design of the car body is developed that forms an outer zone
acting as a ‘‘crash compartment’’. This zone extends from the sidewall to the
continuous side members, which are used for their suitability in lightweight
construction.

The B-rib, as one essential component of the Rib and Space-Frame concept,
Fig. 22.2, uses a novel mechanical principle to meet the side impact crash
requirements as shown in the equivalent mechanical diagram, Fig. 22.3.

When a side impact occurs, the rib in the vicinity of the roof beam acts as a
deformable joint, Fig. 22.4. By contrast, the continuous side member, Fig. 22.5
between the roof beam and the rocker panel, is designed to be extremely stiff, so as
to provide the best possible protection to the occupants in the head and shoulder
region matching the side impact criteria of IIHS. The resulting rotation about the

Fig. 22.2 B-rib position in
vehicle concept
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deformable joint transfers the crash energy to the crash cone elements, Fig. 22.6 in
the floor region. These are located in the area between the rocker panel and the
continuous side member and absorb energy through a crushing action.

Fig. 22.3 Equivalent
mechanical diagram of B-rib

Fig. 22.4 Functional area of
B-rib: deformable joint

Fig. 22.5 Functional area of
B-rib: continuous side
member
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The B-rib is designed to show a breaking load FB B-rib, which is significantly
higher than any occurring side impact crash load FCrash, whereas the breaking load
of the crash cone elements FB Cone is dimensioned to the load level of the side
impact FCrash. So the crash cones will always work for energy dissipation and
provide secure functionality, Fig. 22.7.

The lightweight potential of the B-rib is shown through a weight reduction of
up to 35% with significantly increased safety and overall performance compared to
the steel reference structure of a compact class vehicle.

Fig. 22.6 Functional area of B-rib: crash cone element

F

suB-rib

FB
B-rib

ECFR

F

sucone

ECFR

FB
Cone

FCrash

ECFR: Energy absorbed by composite structure

FBCone: Breaking load of crash elements

FBB-rib: Breaking load of B-rib

Fcrash: Crash load (example)

scone: Intrusion into crash elements

sB-rib: Intrusion into B-rib structure

(a) (b)

Fig. 22.7 Energy dissipation in B-rib (a) and crash cone (b) under side impact
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22.3 Challenges in Design and Manufacture

The development of the composite B-rib covers the entire process chain. Herein
are included conceptual and detailed design, static and dynamic calculation, sizing,
and simulation, and lay-up design. Manufacturing aspects such as design of pro-
totypical autoclave manufacturing concepts and manufacture of prototypes are also
addressed. Validation tests are included as well.

The frame is constructed from two shells with internal X-stiffening, Fig. 22.5.
The internal X-profile has to be produced within strict wall thickness tolerances in
order to ensure the best fit.

Analytical examination, topology optimisation, and static and dynamic
numerical calculations yield results for required wall thickness, fiber orientation
and the amount of fibers in various directions. The values in brackets describe the
percentage of fiber volume content in the (0�/±45�/90�)-direction.

Outer shell: A high wall thickness is required for load introduction and stability.
For that reason and also for introduction of direct side impact, a high volume
content of 0�-oriented fibers is needed in the compression-loaded area of the side
beam represented by a fiber orientation share of (65/25/10).

Inner shell: As the inner shell only takes tension loads during side impact, a
lower wall thickness is sufficient. The share of fiber orientation, with a high
volume content of 0�-oriented fibers in the tension-loaded area, is similar to that of
the outer shell: (65/25/10).

Internal X-stiffening: The wall thickness is determined by the requirements
from local buckling of the web and a high share of 0� and ±45�-oriented fibers due
to combined bending and shear loads: (50/40/10).

The specifications arising from the design and calculation have to be realised in
a manufacturing-oriented and quality-controlled manner. The prototypical tool and
manufacturing concept has to guarantee the required component quality at main-
tainable cost and effort. As a consequence single-sided aluminium tools and a
liquid composite moulding process (LCM) using an autoclave are preferred. Right
from the beginning, the design of the B-rib considered aspects of series production.
In order to achieve attractive cycle times and to meet industrial requirements, resin
transfer moulding (RTM) procedures with highly reactive resins are options for
future manufacturing strategies.

The detailed design, manufacturing simulation and prototype manufacture
include the following steps. First, based on the calculated results from the topology
optimisation, the final geometry of the B-Rib is defined. Subsequently the lay-up
and the ply-book can be derived as a basic document for manufacture.

Using this lay-up sequences and ply-book as an input for the draping simula-
tions, the optimal and wrinkle-free fiber lay-up based on the applied preforms
(satin weave offering best drapability) can be determined. The results enable
generating the flat patterns needed for numerical controlled cutting of the pre-
forms, Fig. 22.8.
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A flow simulation has to be performed in order to determine the best-suited
injection management of the tool and to evaluate and to verify the manufacturing
concept, Fig. 22.9.

Another essential step lies in the development of suitable tool concepts for
prototype manufacture, Fig. 22.10. For the outer shell with its complex geometry
and undercuts, a positive mould is best suited. For producing the inner shell,
a negative mould is used. For prototype manufacture a manageable effort is
essential. As a consequence single-sided aluminium tools and a liquid composite
moulding process (LCM) using an autoclave are preferred.

Many processes are available to manufacture CFRP components. Infusion
technology involving modern preform processes offer an attractive, automatable
and low-cost manufacturing method for complex components. In contrast to pre-
preg processes with resin-impregnated fiber layers, infusion processes involve
injecting dry semi-finished fiber products with a low-viscosity resin. These allow
complex geometries to be achieved through cost-reducing textile technologies
such as sewing and draping. SLI (Single-Line-Injection) is suitable for the frames

Fig. 22.8 Draping
simulation of the internal X-
profile located in the side area
of the B-rib

Fig. 22.9 Flow simulation of
the outer shell of the B-rib

292 J. Nickel and C. Hühne



considered here [7]. This only requires a solid tool half (‘‘open mould’’) which
gives the shape. The other mould half is replaced by an air-tight membrane. The
required consolidation pressure is applied by an autoclave. The pressurised
injection allows even low-permeability preforms to be soaked with resin and large
flow paths to be achieved without flow promoters. Not using flow-promoting
manufacturing aids allow a very high surface quality even on the membrane side
by caul plates.

By means of tool-integrated ultra-sound sensors, the wall thickness during the
manufacturing process can be monitored. Controlling the injection pressure, the
quantity of resin in the component can be adjusted with corresponding effects on
the fiber volume content and the thickness of the component, Figs. 22.11 and
22.12. The required sharp tolerances during production are guaranteed by applying
ultrasonic thickness measurement and control [9, 10].

Using a pasty two-component adhesive the single components are joined
together to the prototype B-rib, Figs. 22.13, 22.14 and 22.15. For increased
buckling stability, side zones are filled with foam. After attaching the fittings, e.g.
door hinges etc., the prototype B-rib is ready for further validation testing.

Fig. 22.11 Functional
principle of ultrasonic
thickness measurement

Fig. 22.10 Prototype B-rib
(half, rendering) and
autoclave tool concept
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Fig. 22.13 Side view of
carbon fiber composite B-rib

Fig. 22.12 Internal X-profile
tool with vacuum assembly
and integrated sensors

Fig. 22.14 Carbon fiber
composite B-rib

Fig. 22.15 Cross section of
carbon fiber composite B-rib
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22.4 Validation by Means of Static and Dynamic Tests

The structural concept of the B-Rib design and the manufactured prototypes have
to meet static and dynamic requirements according to legal regulations. For
dynamic side impact testing, there are mainly two important regulations that have
to be fulfilled. In Europe, this is currently the Euro-NCAP regulation demanding a
side impact velocity of 50 km/h and a mass of the impactor of 950 kg, introduced
at a height of 300 mm [8]. In the US, the more ambitious American IIHS
requirements at 50 km/h impact velocity, impactor mass of 1,500 kg at 379 mm
height of load introduction are valid.

The designed and manufactured B-Rib meets both, the Euro-NCAP require-
ments and the American IIHS side impact demands, Fig. 22.16 proving the the-
oretically calculated and expected behaviour, Fig. 22.7.

22.5 Conclusion & Perspectives

The development of the composite B-rib covers the entire process chain. Herein
are included conceptual and detailed design, static and dynamic calculation, sizing,
and simulation, and lay-up design. Manufacturing aspects such as design of pro-
totypical autoclave manufacturing concepts and manufacture of prototypes are also
addressed. Validation tests are included as well.

The lightweight potential of the B-rib is shown through a weight reduction of
up to 35% with significantly increased safety and overall performance compared to
the steel reference structure of a compact class vehicle.

Experiences reveal the inherent potentials and interferences between a pro-
composite, i.e. fiber composite optimised component design, and cost-efficient and

Fig. 22.16 Crash simulation and validation test of carbon fiber composite B-rib
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cost-effective manufacturing technologies, like Resin Transfer Moulding (RTM)
and their variants, when seeking an optimum solution in terms of weight and cost
ready for mass production [11].
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Chapter 23
Automated Scarfing Process for Bonded
Composite Repairs

Dirk Holzhüter, Alexander Pototzky, Christian Hühne
and Michael Sinapius

Abstract Today’s bonded composite repairs rely heavily on manual grinding.
The human influence on scarf tolerances and consequently on assembly and
structural performance can be reduced by automating the process of scarf manu-
facturing. A process based on contact free surface scanning, surface reconstruction,
automated repair design and automated milling of the repair scarf is presented.
A machine and software design for validation purposes is described. Several repair
specific design considerations relevant for the construction of a mobile scarfing
machine are discussed. The redesign of a standard 3-axis milling machine to a
mobile automated scarfing unit is presented and the architecture of the associated
software framework is described. An outlook to future validation steps is given.

23.1 Motivation

The steady increase of CFRP-Structures in modern aircraft will reach a new
dimension with the entry into service of the Boeing 787. The extensive use of
Carbon Fiber Reinforced Plastics (CFRP), e.g. in fuselage and wing shells, marks a
major step forward in the application of modern composite materials. Those
structures tend to be damaged more often compared to composite structures on
classic aircraft because of their location. Typical threats for those aircraft structures
are environmental hazards like lightning and bird strike, airport operations
(e.g. service vehicles), maintenance and pilot handling (e.g. tail strike) [1].

D. Holzhüter (&) � A. Pototzky � C. Hühne � M. Sinapius
Institute of Composite Structures and Adaptive Systems, Composite Design,
Deutsches Zentrum für Luft- und Raumfahrt e.V. (German Aerospace Center),
Lilienthalplatz 7, 38108, Braunschweig, Germany
e-mail: dirk.holzhueter@dlr.de

M. Wiedemann and M. Sinapius (eds.), Adaptive, Tolerant and Efficient Composite
Structures, Research Topics in Aerospace, DOI: 10.1007/978-3-642-29190-6_23,
� Springer-Verlag Berlin Heidelberg 2013

297



Repairs of composite aircraft structures are already of great economic impor-
tance. Lufthansa Airlines carried out 1,600 repairs on composite structures in 2006
(Fig. 23.1) [2]. A standard repair procedure on composite components is the
bonded scarf patch repair [3]. The damage size will be determined by a NDT
procedure, e.g. ultra sonic or thermography. The damage is commonly removed by
hand drilling or grinding. The paint is locally removed down to the first ply. The
typical procedure of preparing the bonding surface is to continuously scarf the
structure around the damage in a circle (Fig. 23.1) or to manufacture a stepped
contour [4]. Typical scarf ratios are in the range of 1:20–1:60 of the local structural
thickness. The scarf is manufactured by manually grinding ply by ply by using an
angular grinding tool. The craftsman orients himself at the ply pattern to identify
the local depth. A circular template is used to get the correct diameter. It is essential
for the mechanical performance of the repair to fabricate the scarf in a small
tolerance. The grinding activates the surface by removing the resin from the fibers
and breaking open superficial chemical bonds for the following bonding process.
The manufacture of the scarf can be quite complicated if the repair surface is
curved or if local reinforcements, edges, thickness changes or bolted joints are
located within the scarf area. Manually grinding a scarf is a slow process which can
take several hours. The quality of the procedure also depends strongly on the
experience of the technical personnel. Many different procedures are known for the
patch manufacturing. The Co-Bonding of wet prepreg by using a film adhesive is a
wide spread repair process among the industry. The wet lay-up is still flexible and
compensates even large tolerances. The curing temperature for the repair lay-up as
well as the adhesive is restricted to 130�C. Local heat sinks on the parent structure
restrict the use of higher ranges. The out-of-autoclave curing condition requires
special repair pre-pregs. The alternative process of secondary bonding a cured
patch requires a separate tooling. The tooling is directly moulded in the scarf by
using a low temperature prepreg. This female tooling is moulded a second time to
produce a male tool which is used in an autoclave to manufacture the proper patch
at original processing conditions. Due to manufacturing distortions it is hardly
possible to use a film adhesive for the bonding. Normally a paste adhesive is better

Fig. 23.1 Manual scarfing
by angular grinding [7]
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suited to compensate the tolerances although both types of adhesives are used
today. The process is much more time consuming compared to a wet lay-up process,
but produces a better mechanical performance. The cured patch repair is mainly
restricted to military aircraft while wet lay-up is a preferred process for helicopters.

Up to now the bonded composite repair is a highly manual process. Especially
the manufacturing of the scarf is a process with a huge human factor which may be
minimized by the automation of this process step.

23.2 The Automatic Scarfing Process

The state of the art scarfing procedure has a great human impact on manufactured
tolerances which influences the mechanical performance as well as assembly
tolerances of the repair. The automation of this process is a major step forward in
supporting the certification of bonded repairs for primary aircraft structures.

The manual grinding is therefore replaced by a numerical controlled (NC)
milling of the scarf. A major requirement of the automatic milling process is the
need for the local geometry information, mainly the surface contour and thickness
distribution. In 2006 Baker [5] described a CNC milling of a scarf contour. The
surface geometry has been acquired by contacting the surface with a probe. The
data was used afterwards for the CNC programming. In 2009 Wittingham [6]
describes the usage of a surface profiling equipment and 5 axis milling to produce
scarfs of repair specimen. Up to now no mobile process for the machining of 3D
scarf repairs is known.

The proposed process chain automatic scarfing process starts with acquiring the
geometry surrounding the repair (Fig. 23.1). The specified region surrounding the
damage is scanned and local surface heights are saved to a point cloud data format.
The data is automatically used to virtually reconstruct the surface by a NURBS
(Non-Uniform B-Spline) approximation of the point cloud generating a repair
surface for a CAD repair design (Fig. 23.2). A software framework marshalling a
CAD-kernel automatically generates a scarf design depending on user specific
information like the scarf diameter, the scarf ratio, and the scarf depth (Fig. 23.3).
The design is directly based on the reconstructed surface. The CAD geometry may
also be used in the future to generate cutting patterns for prepreg or wet lay-up
patch repairs as well as for a finite element modelling of the repair. The CAD
model is mainly used for outlining a milling strategy and to simulate the milling
process offline (Fig. 23.4). A milling strategy is than simulated and compiled into
a standard command code for CNC devices (G-Code). The generated command
file is loaded into the control software of the mill and used for the machining
process (Fig. 23.5). The milling of the scarf depends on the control commands
which have been derived from the surface reconstruction. It is therefore essential
that the machine does not move between the scanning process and the machining.
The machine needs to be fixated directly onto the repair surface in order to assure
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this. This also solves problems with induced machining vibrations. Many rotor-
crafts are equipped with rubber gears which tend to vibrate easily. A surface
mounted solution is preferable in these cases. A mounting via suction cups is a
common solution for surface mounted machines.

The number of needed control axis depends on the required repair geometry. A
3-axis portal is only capable of machining a continuous scarf because of the
curvature of the repair scarf. The direction of the machining tool cannot be normal
to the surface which is necessary to machine the rims of a stepped repair. A 5-axis
portal machine or a 7-axis serial robot would be necessary to manufacture both
stepped and continuous scarfs which allow of aligning the tool normal to the
surface. Experimental comparison between stepped and scarf repairs showed a
superiority of the scarf repair in static tensile testing which supports the sufficiency
of a 3-axis solution for future repair applications.

23.3 Machine Design for the Automatic Scarfing Process

The Automatic Scarf Concept has been realized in a specific machine design in
order to validate concept assumptions and prove concept feasibility. Figure 23.3
visualizes the realized machine which has been derived from the requirements.
The basis of the machine is a customized 3-axis High-Z 720/T from CNC-STEP
with a machining area of 720 9 400 9110 mm. The machining area has been
chosen to manufacture typical scarf ratios of up to 1:40 in a 3 mm laminate for an
assumed damage of 50 mm. The configuration is geometrically able to machine a
continuous scarf but not a stepped one as outlined for 3-axis devices in the

Fig. 23.2 Automatic
scarfing process chain
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previous paragraph. Two stepping motors for the x-axis, one for the y-axis, and
one for the z-axis each drive a recirculating ball screw with a feed rate of
0,00625 mm per 1/8 step. The maximum motor rates have been experimentally

Fig. 23.3 Machine realized for validation of automated scarfing process

Fig. 23.4 Dependency of
machining time of scarf ratio
and structural thickness
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tested to identify suitable machining speeds. The machining time is scaled by the
feed rate linearly and by thickness and scarf ratio non-linearly. Figure 23.4
visualizes the dependency of machining time on scarf ratio and thickness. The data
has been generated by simulating the machining of different circular repair scarfs.
Assuming a machining speed of 1200 mm/min a standard repair with a scarf ratio
of 1:20 and 3 mm laminate thickness would be machined in 40 min.

The needed machining precision is derived from the tolerance of the scarf
contour. A deviation of ±0.1 mm of scarf contour results in a maximum failure of
4 mm in repair radius (assumed scarf ratio of 1:20). The maximum failure is scaled
by scarf ratio linearly but not by thickness. This means in the given example case
that the scarf ratio is reduced by 4% at maximum which seems still acceptable.

The machine’s reproducible precision is specified by the manufacturer at
0.01 mm. The milling spindle has standard rating of 1000 W and is able to cover
turn rates of 5,000 up to 25,000 U/min. It holds tooling diameters of 1–8 mm. The
machine is controlled manually by software inputs or automatically by scripted
commands (G-code). A separate hardware motor controller converts digital inputs
into control signals for the stepping motors and is able to control all three axis
simultaneously. The virgin machine weighs approximately 30 kg.

The machines first modification is a 3 mW 660 nm wavelength laser distance
measurement unit. The laser safety class is 3R which allows the usage of the laser
without safety restrictions. It is directly mounted besides the milling spindle and
aligned with the machines z-axis. It measures the relative height between the laser
diode and a surface beneath. The maximum precision of the laser is specified at
±0.03 mm. Experimental validation showed a maximum error of ±0.02 mm by
analyzing 400 measurements. The laser system is synchronized with the step
signals of the machines x-motors by the synchronization unit and is DC-isolated by
the isolation unit. The synchronization unit consists mainly of an integrated
controller (IC) equipped with an internal counter. The IC can be programmed to
trigger a laser measurement at a specific step count of the x-axis. Data commu-
nication is handled by RS232 serial protocol and transmitted via a hardware

Fig. 23.5 Shear force of one
suction cup for different
surface granularities
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FTDI� RS232/USB converter to a PC. The synchronization allows the calculation
of the local x and y position of the machine if proper zeroing of the machine axis
has been done. The point laser combined with the hardware provides a very simple
hardware implementation to measure a local surface contour and synchronize this
with the actual machining position. The scanning is restricted to line patterns due
to the fact that the stepping and directional signals of the x-axis motor controller is
solely used to trigger a measurement. The offset between milling tool and laser is
measured and compensated before machining. The position of a small step in a
template tool is measured and touched by the tool allowing a maximum precision
of approximately 0.08 mm.

The second main modification is the replacement of the standard mounting
points by four suction cups. An electrical controlled venturi pump is operated by
pressurized air and generates an absolute pressure of 0.1 bar. Pressurized air is
chosen as the main vacuum source because it is commonly available in repair
shops or easily produced by a portable compressor. Each suction cup withstands a
shear force of *90 kg, which is more than the machine’s total weight. The pump
was chosen because of its fail safe design. An internal valve closes in case of
pressure or electrical loss, which locks the suction cups for a sufficient amount of
time to secure machine and operating personnel. Each suction cup adjusts to a
local structural curvature of about ±15�. The mounting points are rotatable for
about ±30� and movable in z and x direction. The system has been tested on
different composite surfaces (typical peel ply and tooling surfaces) and different
types of sandpaper granularity. Results are given in Fig. 23.5.

The third modification is a complete rewiring of the electrical interfaces. Fig-
ure 23.6 shows the schematic of the electrical design. The machine has been
divided into two units, the machining unit and the control unit. Both units are
connected with only one electrical and one pressure line allowing a fast disconnect

Fig. 23.6 Schematic of redesigned electrics
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of the machine. A relocation test has been performed in approximately 15 min.
The electrical line contains the motor controller wiring, laser power and data
transfer, and periphery I/O lines. All commands and data input/outputs are con-
trolled from a portable PC. Everything has been mounted into a movable board for
laboratory use only.

23.4 Software Framework for the Automated
Scarfing Concept

A major aim of the automated scarfing concept is keeping the process simple in
order to prevent damages from structure and personnel. This is the topmost priority
of the developed software framework for command and control of the machining
process. Figure 23.7 shows the frameworks schematic. The software is developed
in Microsoft Visual C# object oriented programming, which allows easy driver
integration for periphery devices like the laser unit and the venturi pump. The
whole software process has been split into multiple software modules to keep the
software flexible for future developments.

The template module allows the choice and definition of standard repair
scenarios. This includes repair e.g. geometry and machining strategy. This allows
standardizing the process and reducing human influence due to erroneous inputs.
The second module controls the scanning process of the repair surface. The user is
able to vary the scanning resolution in machines x and y direction. The software
communicates with the laser via a FTDI� USB/RS232 interface driver. It also

Fig. 23.7 Software schematic
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generates a suitable G-code command script for the scanning process, which is
automatically loaded by the machines control program. The machine scans the
repair surface in lines and returns the local z values of the laser, which is saved in
xyz-ascii data file. The data is processed by the surface reconstruction module.
A proper 3D modelling of the repair design needs a G0, G1 and G2 continuous
surface. Due to the noise in the laser measurement it is necessary to do a surface
approximation. A 3D NURBS fitting of the point data was chosen. The algorithm
for this fitting is implemented by using a 3rd party software (Pointcloud2NURBS�

by Resurf�) which is a low cost tool. The output is an .igs data file. The software is
marshalled via the AutoITX� interface driver allowing an easy integration of the
reconstruction software. The repair design module controls the construction
parameters of the repair design. It is possible to generate circular as well as
elliptical scarf designs. Scarf ratios and repair diameters are used to virtually
construct the repair design based on the reconstructed surface. The framework uses
Dassault CATIA� V5R18 via its API (Application Programming Interface).
CATIA� is a standard tool within aerospace industry and provides the geometry
operations to construct the repair design. A cost efficient alternative is the
OPENCASCADE� geometry library, which is a freeware tool. Figure 23.8 shows
the design of the scarf contour. The inner and outer repair contours are defined in
the machines xy-plane and projected (1) along the machines z-axis onto a tan-
gential repair plane. These projections are wrapped over the repair surface (2) and
projected in local normal direction (3) onto offset surfaces (4) to construct local
support points. These support points are connected by a spline function to define
the 2D scarf contour (5). This scheme is used to design a spline every 30�. These
splines are used as guides to loft the scarf surface. The repair design is a parametric
script which allows changing of scarf ratio, repair diameters and layout (circular or
elliptic). For load optimized repair designs it is possible to define varying scarf
ratios for the elliptic layout.

Fig. 23.8 Design of curved scarf contour
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Module number five is used to define machining specific parameters and to
generate the machining code. Especially tool diameters, machining feed and turn
rates can be chosen. Additionally the machining strategy can be changed.
NC-strategy influences scarf tolerances due to the fact that local laminate stresses
relax during machining. In most cases a machining on nominal value without any
roughening is chosen to prevent the part from deforming. This strategy wears the
tool and introduces great machining forces. The module provides options to
choose the standard or alternative strategies e.g. separate roughening and finishing.
The sixth module controls the command software of the milling machine. This is
done again via AutoITX. The milling process can be started and stopped from this
module. The last module supports quality management processes. The geometry
data is saved and a report is generated. The report contains a summary of man-
ufacturing parameters and chosen options.

The developed modular software framework provides a command and control
environment for the complete machining and design process of a 3D curved repair
scarf.

23.5 Summary and Outlook

The bonded composite repair process depends on the quality of the repair scarf.
The automation of the repair scarf manufacturing is an important step forward in
improving repair quality and reproducibility. A process based on contact free laser
scanning, surface reconstruction, CAD-design and mobile CNC milling has been
developed and realized in an integrated machine design. The machine as well as
the software design has been outlined. The validation of the concept still remains
open for the future. Especially comparing manually manufactured scarfs to the
automatically manufactured ones the next step is validating the concept. The
machine has been designed to achieve the necessary repair tolerances. This has to
be demonstrated in different typical repair situations, e.g. circular repairs of curved
panels. The process gives a new design freedom to the repair engineer. Especially
load optimized repairs with varying scarf ratios or freeform scarf contours will be
possible. Both options may improve robustness of the repair design and further
improve mechanical performance of the bonded repairs.

A major future aspect to consider is the influence of grinding on the bonding
characteristic of the surface. For certifying an automatic milling process as
bonded repair preparation it is necessary to prove that the milled surface has the
same bonding performance as a grinded one. A manual grinding after the milling
would negate every advantage of the automatic scarfing because it would be
done manually. Therefore it is essential to provide sufficient data to show
compliance of bonding characteristics between grinded and milled repair
surfaces.
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Chapter 24
Self-Controlled Composite Processing

Markus Kleineberg

Abstract Technical properties of composite materials highly depend on their
distribution of fibre and matrix components. To combine these two components in
the best possible configuration a variety of technologies has been developed.
However a remaining challenge is that all semi finished products have decisive
tolerances that may interact during production and lower the level of structural
performance. To avoid extended safety margins, a variety of strategies has been
developed to maximize reproducibility in the crucial production steps by detecting
and compensating dominating tolerance issues in the process chain.

24.1 Introduction

The manufacturing procedure for composite components is different from a typical
production scenario for metallic structures. Metallic structures are usually created
from given materials with defined mechanical properties. Typical technologies to
create the final structure are machining, welding or casting. To manufacture
continuous fiber reinforced composite components the final material composition
and the geometrical shape are both defined in the manufacturing procedure by
embedding the reinforcing fiber architecture in a polymer matrix.

To ensure a reproducible component quality and performance all relevant
component parameters concerning fiber architecture, matrix chemistry, fiber to
matrix interface and also geometrical shape and surface properties need to be
controlled in the manufacturing procedure. To maximise process efficiency it is
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crucial to establish an adequate process maturity that takes into account a certain
bandwidth of material and environmental tolerances.

Today’s composite component production scenarios are often dominated by the
manual interaction of skilled and experienced technicians that follow a predefined
production procedure where the required lay-up and processing conditions are
provided. Since all used semi-finished products and technical equipments have
certain tolerances the [1] production procedure is typically set-up in a highly
conservative way in order to ensure the required quality of the product even under
worst case conditions.

To compete with highly productive manufacturing concepts for metallic
structures that have proved their efficiency in numerous applications it is essential
to find technical solutions that enable future composite production concepts to
work close to their theoretical limits [2].

In contrast to today’s composite production scenarios where manly incoming
inspections are carried out to check basic properties of the semi-finished products
[3] the aim of the ‘‘Self-Controlled Composite Processing’’ strategy is to measure,
check and adapt all relevant production parameters throughout the complete
manufacturing chain from lay-up concepts up to infusion and curing.

24.2 Process Chain

To characterise composite manufacturing processes they can be subdivided from a
matrix point of view into low and high viscosity approaches and from a moulding
point of view into open and closed mould concepts (Fig. 24.1).
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Each combination has its unique advantages and disadvantages which means
that the driving production boundary conditions like the size of parts and com-
plexity and also the required production rate need to be taken into account to
identify the most efficient production concept [4].

Since ensuring the correct material composition and the correct geometrical
shape are the most critical elements of the composite process chain, especially for
complex composite components, these aspects are in the focus of Self-Controlled
Composite Processing strategies (Fig. 24.2). Pultrusion is a highly effective
approach for straight, continuous composite products but the required control
concepts are highly specialised and the resulting product is usually handled like a
semi finished product in metallic designs.

24.3 Options for Self-Controlled Lay-up/Preforming
Processes

With respect to the lay-up procedure Self-Controlled Composite Processing can be a
viable option in automated preform procedures in order to generate net shaped fiber
architectures with variable geometry (see Chap. 25: Continuous Preform with
variable height adjustment). Defects that need to be monitored in this production step
are gaps within the plies, frayed cutting edges and also deviations in the resulting
fiber angles due to draping problems (Fig. 24.3) [5]. Fiber angle deviations will
primarily have an impact on the resulting component performance but they also
affect the permeability of the preform which in turn could cause severe problems
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during the following infusion step. Gaps in the preform and an insufficient
geometrical preform accuracy are even more critical for a reproducible infusion
process because they have the ability to disturb the flow front formation which in turn
may lead to a significant quality reduction due to entrapped voids [6]. Especially
closed mould processes are critical because the related massive moulds do not have
the ability to compensate geometrical preform deviations as it is the case in more
flexible open mould processes (see Chap. 26: Sensitivity Analysis Of Influencing
Factors On Impregnation Process Of Closed Mould RTM).

To control the lay-up/preforming process special optical sensors can be applied
that either identify the topology of the preform or derive fiber angle deviations
through a Grey Scale Value analysis (Fig. 24.4) [5].

The required step towards Self-Controlled Composite Processing would be to
feed the results back into the preform process e.g. by adapting the preform
manipulator settings or by adjusting the cutter devices. Identified faulty materials
may be sorted out automatically to maximise the component performance level.

When all preform parameters have been adjusted the complete stacking needs to
be consolidated e.g. by activation of a binder. To do this it is possible to apply an
electromagnetic field which induces eddy currents within a multiaxial carbon fiber
preform (see Chap. 27: Induction technique in manufacturing preforms) [7, 8].

Gaps in Preform Fiber Angle Deviation

Fig. 24.3 Typical preform problems
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Grey Scale Value Analyses 
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Fig. 24.4 Preforming process control sensors
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Since the warming of the preform is dependent on the fiber architecture (formation
of electrical loops) both the electrical energy required by the inductor and also
the heat distribution in the preform can be analysed (e.g. with an IR sensor) and used
for process control purposes.

24.4 Options for Self-Controlled Infusion/Curing Processes

The final embedding of the fiber architecture in a void free and sufficiently cured
matrix as well as assuring the required geometrical shape tolerances are the domi-
nating quality aspects of the infusion and curing step. The fiber content of a laminate
or the dedicated laminate thickness (Fig. 24.5) are also important quality aspects
that directly determine the performance of the manufactured composite component.
The combination of dry fiber preforms and low viscosity resin offers the opportunity
to adjust the fiber content during the process by controlling the amount of resin in the
laminate before the curing is initiated. The fiber content of high viscosity prepreg
laminates can only be adjusted by controlled bleeding and is therefore much more
difficult. On the other hand prepreg laminates can easily be toughened because the
viscosity is less important for the process. To ensure an accurate degree of cure both
overheating e.g. due to uncontrolled exothermal reactions (Fig. 24.5) and insuffi-
cient crosslinking e.g. due to inadequate activation energy has to be avoided [9].

To control the infusion/curing process ultrasonic sensors (Fig. 24.6) can identify
both the crosslinking stage of the matrix and in open mould processes also the gap
distance that can be used to determine the fiber content of the laminate [10]. To ensure
a homogeneous temperature distribution infrared sensors (Fig. 24.6) have the ability
to show areas with deviating temperatures. Once the heating and cooling behaviour is
fully understood conventional thermocouples may be a cost effective alternative.
Besides sluggish, convection based heating concepts it is also possible to provide the
required activation energy in form of electromagnetic energy e.g. in the range of
microwaves. The advantage would be that the energy can be provided directly and
selectively to the matrix and other materials with an explicit dipole character.

Self-Controlled Processing during the infusion/curing step can be achieved for
the fiber content by controlling the infusion pressure using the data of the gap

Fiber Content/Thickness Tolerances Exothermal Overheating 

Fig. 24.5 Typical infusion/curing problems
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measuring ultrasonic sensors (see Chap. 29: Interactive Manufacturing Process
Parameter Control). The locally measured degree of cure in combination with
information about the global temperature distribution can be used to adapt the
processing parameters in a way that the process results are reproducible at the
highest possible level. Combining prepreg and infusion processes (see Chap. 28:
Combined Prepreg- and Injection Technology) as well as the selective application
of energy can further extend processing opportunities by eliminating specific
technology disadvantages.

References

1. Hong LI et al.: Probability-Based Modelling of Composites Manufacturing and its
Application to Optimal Process Design; University of British Columbia; Revised February
25, 2002; Vancouver (2002)

2. Bauer, J: Increasing Productivity in Composite Manufacturing; NATO RTO AVT Panel
spring symposium and specialists’ meeting Loen, NORWAY (2001)

3. MIL-HDBK-17/3F (VOL. 3 OF 5), Department Of Defense Handbook: Composite Materials
Handbook—Polymer Matrix Composites Materials Usage, Design And Analysis 17 Jun 2002 (2002)

4. Prof. Dr. Paolo Ermanni; Skript zur ETH-Vorlesung (151-0307-00L) Composites
Technologien; Version 4.0; August 2007; Zürich (2007)

5. Dr. Andrea Miene; Bildanalytische Qualitätssicherung in der Preformfertigung Thementag:
ZFP in der Produktion, Augsburg March (2010)

6. Chee, C.W.: Modelling the effects of textile preform architecture on permeability. Doctoral
Thesis, October 2006; University of Nottingham (2006)

7. Ströhlein, T., et al.: Continuous inductive preforming for RTM-production; CFK Convention
Stade; June 2008; Stade (2008)

8. Frauenhofer, M., et al.: Inductive preformings. In: 15th International Conference Mechanics
of Composite Materials, Riga pp. 87–97 (2008)

9. Pullen et al., D.A.: Remote Cure Sensing of Polymer Composites; NATO RTO MEETING
PROCEEDINGS 9, Intelligent Processing of High Performance Materials; May 1998,
Brussels (1998)

10. David, D.S., Kim, R.S.: Ultrasonic cure monitoring of advanced composites. Sensor Rev.
19(3), 187–191 (1999)

Laminate Thickness and Cure Monitoring  
with Ultra Sonic Sensors

Temperature Distribution Moni-
toring 

with Infra Red Sensors

Fig. 24.6 Infusion/curing process control sensors

316 M. Kleineberg

http://dx.doi.org/10.1007/978-3-642-29190-6_29
http://dx.doi.org/10.1007/978-3-642-29190-6_28


Chapter 25
Continuous Preforming with Variable
Web Height Adjustment

Henrik Borgwardt

Abstract Preforming is required for complex shaped profiles manufactured in
liquid composite moulding (LCM) processes. The stacking is made of dry fiber
fabrics, which are infiltrated in a later process step. The complete stacking is called
preform. The fixing of the textile layers can be realised through stitching or binder
technology. The main disadvantage is the immense rate of manual work within the
preform process. In consequence, the manufacturing is costly in terms of time and
high effort for quality control. Automated preforming can reduce the costs by
increasing the output and production rate while minimising waste. Preform profiles
with variable outlines and non-extrudable sections are of particular interest for the
aviation and automotive industry. The DLR Institute of Composite Structures and
Adaptive Systems has developed an innovative device to overcome the previous
limitations and to fulfil the industrial demands.

25.1 Introduction

Reducing fuel consumption and CO2 emissions by 50% per passenger kilometer
until 2020 (Vision 2020) is one of the targets established by the Advisory Council
for Aeronautical Research in Europe (ACARE) [1]. About half of the demanded
reduction shall be delivered by more efficient aircraft and therefore new and
innovative concepts for aircraft are needed. A change of material from aluminium
to lighter fiber reinforced polymers (FRP) in selected structures is one of the
contributors to achieve the targets. Due to this, next generation aircraft are going to
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feature a rising percentage of lighter and more efficient new structures made of
carbon fiber reinforced polymers (CFRP). Additional the sharp rise in prices for
fuel and the dramatically stiffening competition of airliners require drastic
reductions in weight and costs for the next generation of aircraft.

One obstacle for an intensive use are the substantial material and manufacturing
costs of light weight structures made of carbon fibers. For their composite airframe
structure activities, aircraft manufacturers are currently using carbon prepreg mate-
rial. Components made by this processes are characterised through excellent inter-
laminar strength and constantly high fiber volume content. But on the other hand the
use of prepregs is limited by gently curved surfaces. Additionally prepreg material is
expensive due to the specific storage conditions at very low temperatures [2].

In contrast to the automotive industry aerospace components generally require
better predictability of the mechanical properties. In low-cost markets, e.g. the
automotive industry high production and output rates combined with low-cost
manufacturing processes are required [3].

Dry fiber textiles with its ease handling, forming abilities and storage conditions
are one instrument to growth of composites in engineering and automotive
markets. Due to that there is an interest in dry fiber preforming technologies linked
with low-cost manufacturing techniques such as liquid composite moulding
(LCM), especially focused on the out-of-autoclave principles, resin transfer
moulding (RTM) or vacuum assisted resin infusion (VARI) processes.

The textile preforming technology is subdivided into the preforming process
and the consolidation with a matrix material. Through stacking single layers of dry
fiber textiles within the preforming process the so-called preform is build up.
To fix the single layers in the form two main technologies are currently applied:
Stitching and binder technology [4]. Stitching is an established technology also
well-known from the clothing industry that shows some disadvantages in the
structural behaviour. With the binder technology, an auxiliary material with
thermoplastic characteristics is used to bond the layers together by melting and
consolidating again when cooling down. In opposite to resin impregnation the
preform assembly is still performed manually. Preparing the whole lay-up and
consolidating the complex preform is subject of manual labour still today.

In the recent past, handling systems for plane or gently curved surfaces have
been developed. Cutting of layers by automated conveyer cutters and stacking with
robots have been realised. For constant cross-sections like stringers or frames a
few manufacturing processes are under development [4]. The novel approach is to
manufacture the whole preform by continuously stacking several textile tapes
together and subsequently and/or parallel undergoing a forming process. Textile
tapes are continuously formed into preforms with this process similar to a
pultrusion process. The functionality of this process has already been proven by
several prototype devices. However, this technique is not applicable for profiles
with variable outlines and non-extrudable cross-sections like aircraft frames or
automotive space-frame profiles.
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25.2 Continuous Preforming with Variable Web Height
Adjustment

Replacing manual work by automated preforming processes increases the output
rate and the preform quality by improving the repeatability. Robustness compa-
rable to well-established industrial metal working procedures is an essential
requirement of composite manufacturing processes. Focusing on aerospace and
automotive industries’ future needs, profiles are essential construction elements.
The established semi-monocoque design in aircraft technology and space-frame
architectures (Fig. 25.1) in the automotive industry are based upon profiles. There
is a wide field of possible construction elements, e.g. stringers (T, X) with constant
and extrudable cross-sections, aircraft frames with various radii and variable web
height and closed, curved, and space-frame profiles with variable cross-sections.
The manufacturing of straight preform profiles is demonstrated by the German
Aerospace Center (DLR) in the project MOJO [4]. Other initiated projects deals
with continuous manufacturing of constant cross-section aircraft frames [5] and
T-Stringers [6]. Straight outlines are the characteristic of both profile types
addressed in the projects mentioned before. A matter of particular interest of the
aviation and automotive industry are preform profiles with variable outlines and
non-extrudable sections. Manual work is dominating the manufacture of profiles
with variable contours (Fig. 25.2). With state-of-the-art preform production lines
these geometries are difficult to realise.

The novel continuous preform production line (Fig. 25.3) is able to manufacture
I-Beam profiles with variable web height (Fig. 25.4) by using high performance
non-crimp fabric (NCF). The material storage is integrated in the machine. The NCF
is delivered on rollers, which can easily be installed into the production line using a
plug-and-play system. Inside and on one outside of the NCF-tapes a binder with
thermoplastic behaviour is integrated. Rollers and adjustment units guide two

Fig. 25.1 Automotive space
frame architecture (Source:
Audi with additional
elements by DLR)
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parallel tapes to the forming units. In the first forming step, the material is formed into
an L-profile. This forming step is realised by sheet metal guides. These guides are
combined with heating units, which warm up the binder inside the tapes. Two con-
toured rollers on each side perform the consolidation. Afterwards the tapes are
formed into C -profiles and guided together. The binder activation is performed by

Fig. 25.2 Curved carbon
fiber preform profiles

Fig. 25.3 Fully automated
continuous preforming
machine for profiles with
variable web height

Fig. 25.4 Preform profile
with variable web height
adjustment
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bonded membrane heat elements. In the next step the two C-profiled tapes get
connected on their webs with compaction rollers. In this way the I-Beam profiles are
manufactured. Afterwards the formed fabric runs into a split roller stand. The upper
roller stand is mounted on a vertical linear motion unit. The height of the I-Beam
profile can be continuously adjusted by moving the upper roller stand. The height is
continuously adjustable from nine to 100 mm. A distraction lance realises the
actuation with a clamping device mounted on a horizontal linear axis. An integrated
cutting unit assures the preform profile’s net shape quality. The complete manu-
facturing procedure is computer controlled and monitored.

25.3 Evaluation of Performance

25.3.1 Performance

For the tests, NCF material with four layers (quadri-axial) with tricot stitching and
an area weight of 512 g/m2 is used. A Spunfab epoxy based binder is applied
between all layers and on one top side of the material. The maximum machine
speed is 400 mm/s. Limited by the local heat entry from heating units to the NCF
material for binder activation, the preforming speed is 20 mm/s. The resulting
preforming output rate for the above-mentioned I-beam profiles with curved
outline, width 25.7 mm, mean thickness 0.5 mm of the flanges, and 1.0 mm in the
web, having a mass of 176 g/m yields 12.2 kg/h. This means, the production time
of one meter of net-shaped I-beam profile with gusset filler is 50 s. The production
rate of the continuous preforming device compared to manual work with special
preforming tools is approximately the same. But the variability and the option to
manufacture endless profiles with variable web height are the essential advantages
of the automated continuous preforming unit. The maximum profile length is
limited by the size of the stored material rollers. Variations of the profile shape for
this projected machine is limited by the range of vertical linear axis of 100 mm.
With the parameters the preforming unit can produce variable profiles with web
heights from 10 to 100 mm. Various profile shapes are demonstrated. Minimum
length to web height variations are restricted by the relatively high bending
stiffness of the used NCF material [7]. While performing the continuous
preforming process with 20 mm/s, changes in the web height geometry from 1/3
(height/length variation) were demonstrated without wrinkling.

25.3.2 Preform Shape and Tolerance Capability

The length of the test profiles is in a range from 520 to 1211 mm. The height of the
I-beam profiles is variable from 10 to 35 mm (Fig. 25.5).

25 Continuous Preforming with Variable Web Height Adjustment 321



The vertical linear axis provides a tolerance of 0.05 mm. The accuracy of the
preform profile web height is around -0.5 to +1 mm. While the web height is
changing and a tape with constant width is used for the preforming process, the
upper flanges width is changing. To get net shape preforms the edges of the upper
flanges are continuously cut to a parallelised I-beam contour. The accuracy of the
parallel upper flanges is ±0.4 mm. The radius between web and flange is 3 mm.

Any profile geometry has been examined in terms of producibility by means of
draping simulation before. Draping simulation software tools can be used to simulate

Fig. 25.5 Continuous preforming with variable web height—profile geometry

Fig. 25.6 Simulated fiber
angle deformation ±45�

Fig. 25.7 Simulated fiber
angle deformation 0/90�
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the draping process and such fabric shear behaviour of NCF generate 2D flat patterns
of the draped fabrics. Draping simulation software predicts the flat pattern geometry
and checks their producibility. Fiber angle deformation due to the preforming process
was simulated with the 3D simulation software CATIA and FiberSim by Vistagy.

The Simulation did not reveal any deformation (Figs. 25.6 and 25.7) and
deviation in fiber angles of more than five degrees, i.e. the profiles shall be
preformed without any restrictions. However, current draping simulation tools are
based on non-dynamic draping algorithms. Continuous processes cannot be
simulated yet. This is objective of on-going research.

25.4 Conclusion

A further growth of composite applications in low-cost markets depends on the
reduction of manufacturing costs. This can be achieved by automating the
preforming process chain. Complete automation of the preform manufacture will
result in improved repeatability and reduced cycle times. Especially for low-cost
markets such as automotive industry fully automated production lines with high
repeatability and robust processes are necessary [8]. One approach to efficient
processes with reduced cycle times is the continuously automated preforming of
dry fiber textile tapes into preform profiles.

A novel, low-cost preforming machine was developed for the manufacture of
I-Beam profiles with variable web height adjustment. This new and highly flexible
manufacturing device has demonstrated the continuous production of dry carbon
fiber preform for aircraft and automotive parts. The realised preform production
line offers a technology readiness level 4/5, i.e. the prototype is validated in a
relevant environment. Various profiles with different length and curved outlines
were produced and applied to a test configuration.

Further perspectives may be opened up by increased production rates through
more efficient local heat entry by means of the induction technology [9, 10]. In this
context options of various profile cross sections have to be examined.
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Chapter 26
Sensitivity Analysis of Influencing Factors
on Impregnation Process of Closed Mould
RTM

Martin Friedrich, Wibke Exner and Mathias Wietgrefe

Abstract This paper reports on different parameters that influence the closed
mould resin transfer moulding (CM-RTM) process for fiber reinforced plastics.
A sensitivity study of selective parameters is performed. This includes material
parameters (i.e. viscosity, permeability), process parameters (i.e. temperature) and
geometrical parameters (i.e. position of preform in the tool). Furthermore, fiber type
and targeted fiber volume content (FVC) are considered to validate the full range of
fiber reinforced plastics. As an example for the sensitivity study, the aeronautical
carbon fabric G0926 and epoxy resin system RTM6 (both manufactured by Hexcel)
are analyzed for targeted fiber volume contents in a range of *60%. The infiltration
of a rectangular panel was simulated with the flow simulation software RTM-Worx
by Polyworx. It was found that the infiltration of a simple geometry can differ by
app. factor 3 in terms of duration, when only considering the tolerances of material
and process parameters (‘‘upper tolerance limit’’ vs. ‘‘lower tolerance limit’’
scenario). For different types of composite materials observed in this study, it can
even go up to Factor 1,000. To achieve a reliable RTM process, these aspects—
material types and range of tolerance—have to be considered.

26.1 Introduction

For many component shapes, the material group of fiber reinforced plastics
exceeds the potential of lightweight metallic materials. Weight reductions of
25–30% compared to metals, are realistic [1]. To take advantage of this class of
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materials in other areas, for example in vehicle construction, efficient manu-
facturing processes play a major role in reducing the costs of high-fiber composites
to an acceptable level.

One of these efficient manufacturing processes is resin transfer moulding
(RTM), in which, in contrast to the prepreg method, the impregnation of the fiber
is carried out within the manufacturing process itself. This method is particularly
suitable for large-scale production, since a fully enclosed, rigid mould with a
geometrically defined component cavity and a fixed volume (‘‘closed mould’’) is
used. This type of processing thus allows the manufacturing of components with
low tolerances and good surface finish on all sides [2].

The range of closed mould RTM parts is quite versatile. While some industries
manufacture large RTM parts (e.g. automotive or marine industry), aeronautical
RTM parts are comparably small. It has to be considered that the manufactured
composites differ in their properties as well as the targeted fiber volume contents.

Therefore it is not feasible to use all kinds of composite materials to produce all
the different types of RTM parts, as this could result in a large number of scrape
components.

In contrast to the enormous advantages of the closed mould RTM processing at
component level, many material and process variations as well as process toler-
ances have a greater influence on the quality of fiber impregnation during the
production process, compared to the single-side membrane method.

Of all quality criteria of fiber composite components, the global and micro-
scopic distribution of fibers and resin within a component are the most significant.
Both have an influence on the overall structural integrity of a component as well as
its fatigue performance. The main goal in the production of composite components
therefore has to be the complete saturation of the fiber material with resin within
the entire component volume. Figure 26.1 shows the types of failure patterns in
case of an incompletely impregnated component: dry areas and pores.

The filling ratio of a component describes the degree of filling of a component
with resin during the injection process. For a ‘‘good’’ component, a degree of
filling near 100% is required. While ‘‘dry areas’’, depending on their extent, can be
critical for the structural integrity of a component, pores (small and very small
inclusions) cause a significant reduction in fatigue performance [3].

The aim of this paper is to give a sensitivity analysis of the closed mould RTM
process to show the bandwidth of this process within the full range of composites

Fig. 26.1 Failure patterns of an incompletely impregnated component
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and exemplarily for one material configuration used for aeronautical RTM parts.
Different influencing factors are being considered. This includes material param-
eters (i.e.: viscosity, permeability), process parameters (i.e.: temperature), and
geometrical parameters (i.e.: position of preform in the tool). As an example the
‘‘best case’’ and ‘‘worst case’’ scenarios are validated for aeronautical composite
materials via resin flow simulation. The knowledge and consideration of all
influencing factors can help to avoid common mistakes and get a reliable RTM
process with low scrap rates.

26.2 Resin Flow in Closed Mould RTM

While manufacturing the composite components using the closed mould RTM
process, resin flows through tubes, channels in the mould (free cross-sectional
areas), and through a porous medium, characterized here as the fiber reinforcement
(Fig. 26.2).

In the following section the mathematical assumptions of the individual models
are shown.

26.2.1 Resin Flow in Free Cross-Sectional Areas

26.2.1.1 Lines of Circular Cross Section

The flow rate of the resin in tubes can be calculated in an idealized way according
to the law of Hagen-Poiseuille for circular cross sections.

_V ¼ p � r4

8 � g �
Dp

l
ð26:1Þ

Fig. 26.2 Schematic description of resin flow in closed mould RTM
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where, _V is the volume flow rate through the tube (m3/s), r is the inside radius of
the tube (m), l is the length of the tube (m), g is the dynamic viscosity of the
flowing fluid (Pa s), Dp is the pressure difference between the beginning and end of
the tube (Pa).

26.2.1.2 Lines of Rectangular Cross Section

The flow of the resin system within the rectangular tubes of the mould (including
the flow in the border area between fibers and tool) follows, in an idealized way,
the law of Hagen-Poiseuille for rectangular cross sections:

_V ¼ Dp � K �min b; hð Þ3max b; hð Þ
2gl

ð26:2Þ

K ¼ 1�
X1

1

1

2n� 1ð Þ5
� 192

p5
� min b; hð Þ
max b; hð Þ tanh 2n� 1ð Þ p

2
max b; hð Þ
min b; hð Þ

� �
ð26:3Þ

where, b is the width of the channel (m), h is the height of the channel (m).

26.2.2 Resin Flow in Porous Media

The flow of a fluid through a porous medium is described by Darcy’s Law (26.4).
In combination with the continuity Eq. 26.5 and neglecting gravitation, the basis
of isothermal flow simulation of the RTM process (26.6) can be derived.

v ¼ Q

A
¼ � 1

g
� k � rp ð26:4Þ

rv ¼ 0 ð26:5Þ

r � k½ �
g
� rp

� �
¼ 0 ð26:6Þ

where, m is the fluid velocity, g is the resin viscosity, Q is the amount of fluid, k is
the perform permeability, A is the surface and rp is the fluid pressure change. The
flow process of the resin system through a fiberreinforcement can be simulated by
computer modeling to predict dry-spot formation, incomplete mould filling and
curing. Flow simulation software, therefore, become very important tools in mould
designing and manufacturing, process configuration, reducing manufacturing
costs, and improving quality. For the present study the flow simulation software
RTM-Worx will be used.

328 M. Friedrich et al.



26.3 Analysis of Influencing Factors

There are three main factors influencing the impregnation process in closed mould
resin transfer moulding: a geometric driven factor, the permeability of the fibers to
be impregnated and the viscosity of the resin system.

26.3.1 Geometric Influence

The addition and superimposition of cutting-, handling-, preforming and placing-
tolerances during manufacture unavoidably leads to the formation of gaps between
the fiber reinforcements (preform) placed into the mould and the side walls of the
component cavity of the mould.

The possible width of this gap (tchannel) can, therefore, be determined according
to:

tchannel ¼ lcomponent�cavity � lfibre�material þ ttolerance ð26:7Þ

with

ttolerance ¼ tcutting þ thandling þ tpreforming þ tplacing ð26:8Þ

Typical values for these tolerances are provided in Table 26.1 based on mea-
surements at DLR.

During injection, resin flow in these channels (gaps), as shown on Fig. 26.3, can
not be prevented.

Depending on its magnitude, this resin flow can lead to premature confluence of
flow fronts, and thus prevent a complete impregnation of the fibers in the
component.

The magnitude of the effect of these resin runners depends mainly on geometric
constraints on the interaction of the preform and the mould (channel cross section,
see Eq. 26.7 in resin flow in open rectangular cross-sections).

Table 26.1 Tolerances of
preform in the mould (as
measured at DLR)

Manual
process (mm)

Automated
process (mm)

tcutting ±1 ±0.2
thandling (single layer,

position)
±1 ±0.3

tpreforming ±2 ±1
tplacing (position) ±0.5 ±0.3
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26.3.2 Permeability of Fiber Reinforcement

Permeability is a measure of the ability of a porous material to transmit fluids, and
therefore the permeability tensor of fibrous reinforcements is one of the main
material input parameters for macroscopic flow simulation in liquid composite
moulding.

Even though the permeability tensor has importance for the simulation of flow
processes in composite materials, there is no standardized measuring method.
Hence, different setups/measurement devices have been developed especially for
fibrous applications. The first step towards standardization of permeability mea-
surement has been implemented by ONERA with participation of the DLR mea-
surement device [4].

DLR uses a 2-D setup with a central injection system for the in-plane perme-
ability measurement. The height of the cavity is defined by the thickness of a metal
frame; therefore, the compaction of the reinforcement in the mould (i.e. the tar-
geted fiber volume content) can precisely be adjusted and the measurements can,
therefore, be representative for closed mould RTM. Pressure sensors are placed on
the bottom part of the mould with the position defined only by the radius/distance
from the centre. The direction of the sensors–they are placed on the x-axis, y-axis,
and in a 45� angle–is not directly included in the calculations. Figure 26.4 shows
the 2-D radial resin flow in carbon fiber reinforcement [5].

DLR processes its data with the 2-D solution of Darcy’s law

Ke ¼
Qg
2pz
� ln r2=r1ð Þ

P1 � P2ð Þ ð26:9Þ

where, Ke is the effective permeability between two sensors on one straight line
(m2), Q is the constant volume flow (m3/s), n is the dynamic viscosity of the
flowing fluid (Pa s), z is the laminate thickness (m), r1, r2 are radii of measurement
points (m), P1, P2 are pressures at measurement points (Pa).

Fig. 26.3 Resin flow during
injection
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Ten pressure sensors placed on the bottom half of the closed mould allow the
calculation of 13 different Ke values due to the arrangement of the sensors. The
average of all Ke values gives the total effective permeability.

The ratio Kx/Ky is calculated with the time at which the sensors in the
respective directions have reached a certain pressure level. These calculations are
performed by the software ‘‘PPerm’’ by Pole de Plasturgie de l’Est (manufacturer
of the permeability measurement device). Ratio and total effective permeability
lead to Kx and Ky values.

For the present study the focus is on the order of magnitude of the permeability
value. Therefore, the difference of Kx and Ky (permeabilities in x- and y-direction)
is excluded from the study and only the effective permeability Ke is considered.

Figure 26.5 shows the permeability of the carbon fabric G0926 by Hexcel
which is used exemplarily in this study to show the permeability change depending
on the fiber volume content.

Fig. 26.4 2-D radial flow (DLR Bremen)

Fig. 26.5 Effective permeability of carbon fabric G0926 (Hexcel) as measured by DLR
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26.3.3 Resin Properties

A major influence on the duration of the infiltration process is the viscosity of the
resin system. The viscosity depends mainly on the type of resin system, the
temperature, and the degree of cure. Table 26.2 shows the viscosity of three dif-
ferent fully uncured resin systems at 25�C.

Usually, a higher temperature leads to a lower viscosity of one resin, but also
accelerates the chemical reaction of curing. Therefore, the infiltration window–the
period of low viscosity–decreases. Usually, a viscosity lesser than 500 mPa�s is
recommended. Operating experience at DLR shows that for aeronautical RTM parts,
the initial viscosity should be lower than 100 mPa�s. Figure 26.6 shows exemplarily
the isothermal viscosity of the resin system RTM6 for different temperatures.

26.4 Sensitivity Analysis

In the industrial production of composite parts using the closed mould RTM
process, a statistics-driven summation and superimposition of the described effects
can be observed. In order to determine the magnitude of the injection character-
istics resulting from these effects, a two-part sensitivity analysis is performed:

• Part 1: impact of influencing factors within the range of composites
• Part 2: impact of tolerances within the same component

The geometry of the component chosen for this study is a rectangular plate.
This is a simplification of the complex component shapes occurring in reality, but
nevertheless it already reflects the impact of the influences in a good manner.

26.4.1 Impact of Influencing Factors Within the Range
of Composites

The goal of the first part of this sensitivity study is to show the total bandwidth of
the injection process cycle. For this purpose an analysis of the closed mold RTM
manufacturing of two components with identical geometry and size dimensions,

Table 26.2 Viscosity of different resin systems at 25�C

Resin Manufacturer Mixing Ratio
(mass fraction)

Viscosity
(mPa�s) at 25�C

RTM6 Hexcel – 70,000
Araldite LY556: Aradur 917:

Accelerator DY070
Huntsman 100:90:1 900

SR8100:SD8822 Sicomin 100:31:00 300
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but with large differences in the material and process parameters which influence
the effects described above (lower and upper limit), is carried out.

In detail there is a variation of

• the fiber volume content (FVC) which influences the permeability (Sect. 26.3.2)
• the resin system and the associated injection temperature influencing the

viscosity (Sect. 26.3.3) and
• the production type which is relevant for the gap size in the mould edges

(Sect. 26.3.1).

Table 26.3 shows the material and process parameters for the lower limit
(component 1) and upper limit (component 2) and the resulting behavior of the
injection process.

The injection times are 7.4 s for component 1 and 8,770 s for component 2,
each based on the boundary conditions specified in the Table. The included figure
of the injection simulation shows the differences in the flow path of the resin
system within the mould.

26.4.2 Impact of Tolerances Within the Same Component

While in Sect. 26.4.1, the material and process parameters were varied within a
whole range of possible material and process parameters (for the closed mould
RTM production of long fiber reinforced components), in the second part of this
study, the process sensitivity has been analyzed by varying the material and
process parameters on a scale as it occurs for one single component (component 3)
within a mass production process.

Fig. 26.6 Isothermal viscosity of RTM6 at different temperatures
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The following parameters were varied in a manner arising solely by the tol-
erances of material and process parameters:

• the FVC which influences the permeability (Sect. 26.3.2) and its variations
results due to the given constant volume of the closed mould, from tolerance of
the fiber areal weight of the fiber reinforcement.

• the injection temperature influencing directly the viscosity of the resin system
(Sect. 26.3.3)

• the position within the tolerance filed of the production type which is relevant
for the gap size in the mould edges (Sect. 26.3.1).

Table 26.4 shows the injection behavior for the lower and upper tolerance limit
of the component 3.

Table 26.3 Comparison of lower and upper limit within the range of composites

Component 1 (lower limit) Component 2 (upper limit)

Component geometry Flat panel Flat panel
Length, width,

thickness
600 9 400 9 2 (mm3) 600 9 400 9 2 (mm3)

Fiber reinforcement G0926 (Hexcel) G0926 (Hexcel)
Fiber volume content 30% 60%
=[permeability 9.67 e-10 m2 0.184e-10 m2

Resin system RTM6 (Hexcel) Sicomin SR8100, SD8822
Injection temperature 120�C 25�C
=[resin viscosity 27 m Pas 300 m Pas
Production type Manual Automated
=[gap width Top: 0.0 mm, Bottom: 2.0 mm

Left: 2.0 mm, right: 0.0 mm
Top: 0.8 mm, Bottom: 0.0 mm

Left: 0.0 mm, right: 0.8 mm
Inlet/vent Bottom center/top center Bottom center, top center
Injection pressure 6 bar 6 bar
Impregnation

progress
(blue =[ red)

Infiltration time 7.4 s 8770.0 Sec (146 min)
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The injection time for component 3 process variant 1 (tolerance limit combination A)
is 203 s with the boundary conditions specified in the table, while the injection time
for the component process variant 2 (tolerance limit combination B) and the designated
boundary conditions is 599 s. As shown in the included simulation figure, there is also
a difference in the flow path of the resin system within the mould.

26.5 Conclusion

This study shows the causes for the large impact of material and the process
parameters on the impregnation process, as it can be observed during manufacturing
practice. Particularly significant is the magnitude of these influences, when looking

Table 26.4 Comparison of difference tolerance limits within the same component

Component 3 (tolerance limit
combination A)

Component 3 (tolerance limit
combination B)

Component geometry Flat panel Flat panel
Length, width,

thickness
600 9 400 9 2 mm3 600 9 400 9 2 mm3

Fiber reinforcement G0926 (Hexcel) G0926 (Hexcel)
Fiber volume content 57.5% (370 g/m2 - 15 g/m2) 62.3% (370 g/m2 ? 15 g/m2)
)permeability 0.225e-10 m2 0.149e-10 m2

Resin system RTM6 (Hexcel) RTM6 (Hexcel)
Injection temperature 125�C (120�C ? 5�C) 115�C (120�C - 5�C)
)resin viscosity 23 m Pas 31 m Pas
Production type Automated (upper tolerance limits) Automated (lower tolerance limits)
)gap width Top: 0 mm, Bottom: 0.6 mm Left:

0.6 mm, right: 0.0 mm
Top: 0.3 mm, Bottom: 0.0 mm Left:

0.0 mm, right: 0.3 mm
Inlet/vent Bottom center/top center Bottom center, top center
Injection pressure 6 bar 6 bar
Impregnation

progress
(blue =[ red)

Infiltration time 203.0 s (3.38 min) 599.0 Sekunden (9.98 min)
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at the entire spectrum of the fiber composite component production by closed
moulding RTM (Sect. 26.4.1).

The magnitude of the differences in the injection time for components with
identical geometry can be a factor of larger than 1,000 by using the same injection
pressure, only depending on what kind of fiber and resin material is used and how
the fibers are processed (cutting, handling).

Besides that, it was shown that there are, even within the recurring production
process within a mass production for a particular fiber composite component,
process and material variations (resulting solely from tolerances) present, which
strongly influence the impregnation of the component (Sect. 26.4.2).

The injection time varies only due to the process tolerances for this sample
component by factor 3 and the flow path of the resin in the mould is also different.

Especially, the latter decides whether, through the appropriate location of the
vent, the component becomes completely saturated or there are dry areas
remaining within the component.

For a cost efficient production of fiber composite materials, the highest process
reliability by minimizing the impacts of these influencing factors of the manu-
facturing process, is one of the key factors for preventing expensive scrap parts.
To achieve this high level of process reliability, there are (in addition to the
obligation to adjust the process parameters to the materials used) two possible
approaches according to the results obtained:

1. Minimization of the influencing factors by significantly cutting tolerances of
today’s conventional materials and processes (weights, temperatures, cutting
variations etc.).

2. Using a very robustly designed injection process which minimizes the effects of
the described influence factors.

While the first approach almost automatically leads to a drastic increase in
material and process costs, and thus undermines the approach to achieve cost
reduction through high-process reliability, the second approach of using a robust
injection process can be considered as a very effective way to achieve both process
reliability and process cost reduction.

Consequently, this will result in a cost reduction for the entire component.
Further studies concerning the set-up of robust injection moulding processes are

currently being performed by the authors of this article.
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Chapter 27
Inductive Preforming

Dipl-Ing Tobias Ströhlein

Abstract The most time consuming step in manufacturing of high performance
composites usually is the manually driven preforming step. Individual layers are
draped in their formed position and fixed to each other by activating a binder.
The innovative technology based on inductive heating presented in this chapter
speeds up this process. As many parameters affect the inductive heating rate,
a simple analytical model based on empirical data will be introduced. With this
model, the resulting temperature can be predicted for given process parameters.
Conversely, the best fitting process parameters can be found given a required
heating temperature (depends on the binder).

27.1 Introduction

Over the past decade, the manufacturing of fiber-reinforced parts has shifted from
mainly manual production to automated production [1, 2]. Reliable automated
equipment is now available [3], but the processing time for high performance
components is still poor. Consequently, the production rate is low.

The liquid-composite-moulding (LCM) technology nowadays offers compara-
ble mechanical properties to Prepreg at lower material and processing costs [2, 4].
Since the used dry fabrics are more flexible and easier to drape, more complex
highly integral designs are feasible [1]. This will result in a reduction of assembly
costs. However, the preforming step is still the main factor driving the cost up in
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the production of composite [1, 2]. During this step, plane dry fabrics are cut,
draped into a 3D shape, compacted and fixed in their preliminary position. For the
fixation of the carbon layers, low content of adhesive (binder) with thermoplastic
characteristic is used. The binder can be activated by increasing the temperature
above the melting point. The state of the art method is using convective or con-
ductive heating techniques in combination with an oven, an autoclave or a draping-
iron [1, 5, 6]. The main disadvantage is the low heat transfer rate, which results in
a long process time. The only heat transfer path is through the preform surface into
the layup. Within the preform itself, the energy must be transported by heat
conduction, which is time consuming, especially for thick preforms.

An alternative preform technique based on electromagnetic energy transfer is
introduced and the research results are presented. The results allow to develop an
analytical model that predicts the resulting temperature and the process parameters.

27.2 Inductive Heating Mechanism

Inductive heating for metal components is well known and has been used in heat
treatments for over 100 years [7]. Over the past decade, research investigated the
application of the well known inductive heating to thermoplastic composites. The
goal is to melt, weld or bend the parts by heating the thermoplastic matrix.
Although the studies showed quite promising results with respect to an increased
heating rate, the costs in terms of needed equipment as well as the effort to predict
the results are quite high. For prepreg composites and simple inductor coils, some
models predict the resulting temperature (e.g. [8–11]). However, these models are
not valid for dry fabrics or for composite optimized inductors powered by low
frequencies.

In comparison to the induction technique for metals, where most of the energy
is transferred to the surface, very different volumetric heat mechanisms occur in
composites [12–14].

In general, inductive heating involves a frequency generator that transforms the
supplied frequency and current (50 Hz/230 V in Europe) to the target frequency
and current in order to charge an attached inductor-coil. Due to the alternating
current, an electromagnetic field occurs around the windings of the coil. Eddy
currents are induced in any conductive material within the alternating magnetic
field. For carbon fibers within this magnetic field, a current is induced along the
fibers. Due to the electrical resistance, the induced energy is transformed into heat
energy, which melts the binder, ref. Fig. 27.1. The induction of electrical energy
along the fibers works fine at high frequencies [15, 16]. Unfortunately, high
frequency equipment is expensive and inflexible with regard to the distance
between the inductor and the frequency generator. Alternatively, energy can also
be transferred at low frequency, with the transformer principle, into ‘‘global
loops’’. These arise automatically in preforms as long as layers with different fiber
orientation are used [15, 17].
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Three different heat generation mechanisms have been identified [15]:

• Fiber Heating by Joule Loss
• Junction Heating by dielectric hysteresis
• Junction Heating due to contact resistance between fibers

Fink [8] found that the kind of heat mechanism mainly depends on the distance
between the carbon fiber layers with different orientation. In case of a preform, the
distance is zero; therefore, the fiber heating by Joule Loss is dominant. Fiber
heating by Joule Loss means, that the fibers of different orientation form global
loops with a homogeneous electrical resistance (Fig. 27.2). As opposed to the
other two effects, no local (over-) heating at junctions is expected. This is of great
importance, because the technology should never affect the quality of the preform.

Nowadays, the potential of inductive preforming has already been validated for
several industrial applications such as Wing-spars, continuous production of
complex H-shaped bars, and doorframes for aircraft. The equipment has been
further adapted to composite applications. The following Fig. 27.3 illustrates the
potential decrease in heating time for a thick preform.

In the past, the ideal parameters for an efficient and stable process had to be
found by trial-and-error. There is no known mathematical model that predicts the
needed power and application time in order to generate the heat for a specific
binder activation temperature within a complex preform. In the following sections
a method is presented to develop such a model for a wide range of applications.

27.3 Method to Identify the Parameter Influence

To identify the influencing parameters, the basic physics of the induction tech-
nique—independent of the application—has to be analysed.

Eddy-Current

Alternating 
Current

Preform

Inductor

Pyrometer

Fig. 27.1 Principle of
inductive heating

Fibers

Eddy current

Resulting heating

Fig. 27.2 Principle of eddy
current in a global loop
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The induced voltage uind can be calculated with the following formula:

uind ¼ 2 �P � f � l � H � A ð27:1Þ

The induced voltage depends on the frequency f, the electrical permeability l,
the field intensity H and the heated area A. The field intensity H can further be
expressed through the Biot-Savart law:

dHðrÞ ¼ I

4p
dl� er

r2
; r ¼ rer ð27:2Þ

The field intensity differential, and therefore the induced voltage, depends on
the current I, the cross product of the lead length differential and the unit distance
vector to the lead dl� er and is inversely proportional to the square distance to the
lead r2: The electrical permeability l depends on the electrical material-properties
of the preform. It varies with the resistance between the fibers as well as the kind
and amount of used (isolating) binder.

After the main parameters have been identified, their effect on typical preforms
must be analysed to determine their mathematical relationship.

Therefore, a parameter study with more than 300 variations has been
performed. For each single influencing parameter, first a series of experiments
have been performed, where only one specific parameter is varied. In the second
step, two parameters are varied in combination to find possible cross influences.
The studies reveal that the distance from the inductor to the preform has a large
effect on the electromagnetic field, and therefore on the transferred energy and
heat. By varying the thickness of the preform, the distance from any additional
layer to the inductor also changes.

A stepped test preform has been created where nine different thicknesses can be
tested at nine different positions, while all other parameters, like compaction
pressure as well as all other material parameters, stayed constant.

Fig. 27.3 Heating rate of
different heating techniques
for standard frame lay-up
with 20 layers of NCF
material
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It was decided to measure the thermal response of the induced power in a
homogeneous preform indirectly. Two optical heat measurement devices were used,
a pyrometer and an infrared thermo camera. The pyrometer is directly integrated
into the inductor to measure the surface temperature of one side. The temperature of
the opposite (free side) of the preform is measured with the infrared thermo camera.
The highest generated temperatures as well as the starting temperatures are recorded
to obtain the heating temperature for the analysis. The heating temperature is
defined as the difference between the starting temperature and the final temperature
at the end of the induction process.

To identify the influence of material properties (binder, kind of fabric, layup) a
second test has been set up with UD-fabric, woven fabric and non-crimp fabrics
(NCF). For each sub-test, a comparable 2 mm thick stacking made of each
material was created to identify the raw material effect. Similarly, the layup has
been varied from a biaxial to a quasi isotrop layup while varying the binder content
from zero to the standard value.

27.4 Parameter Influence

As starting point for the model, a reference parameter set need to be defined:

Equipment
Frequency generator EW5 (iff GmbH)
Inductor U7050 (iff GmbH)
Reference values
Power (set output) Pref = 2.25 kW
Frequency fref = 15 kHz
Activation time tref = 1 Sec.
Compaction pressure pref= 1,000 mbar
Reference preform 2 mm NCF [8(+45�,-45�)]

The above-defined reference results in a heating temperature DTref of 120�K.
This value is needed in the subsequent formulas. In the following sections, the
influence of each parameter on this reference condition is analysed.

27.4.1 Preform Thickness

For any kind of heat transfer, the resulting temperature difference DT depends on
the heat energy Q, specific heat capacity cp as well as the heated mass m.

Q ¼ ðA � d � qÞ � cp � DT ð27:3Þ
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In case of a preform with varying thickness d, the mass will vary linearly in
correlation with d, as the area A and density q are constant. By increasing the mass
within the electromagnetic field, the heat energy Q stays constant, while the heating
temperature DT drops. As approximation, the relation of the change in thickness
d to the resulting temperature drop DTd can be represented mathematically by:

DTd ¼ �0:02 � DTref � d ð27:4Þ

The parameter DTd is dependent on the value of the reference temperature
difference DTref and the thickness of the investigated preform d.

27.4.2 Material Parameters

The tests validate the assumption that the heating temperature depends directly on
the contact between fibers in different directions. In case of UD-raw material, the
coupling rate is 52% of that for the NCF reference material, and for woven fabrics
it is 119%. In the model, these values are represented by the parameter MTyp, giving
the temperature difference in accordance to the reference temperature DTref by:

DTTyp ¼ DTref � ðMTyp � 1Þ ð27:5Þ

It was found, that the tested binder (EPR05311) with 5 g/m2 has a constant effect
on the heating temperature. Independent of the layup, raw material and process
parameters, the heating rate is lower by *3% when the binder material is used
(MBinder = 0.97) than when the binder is not used. This is reflected in the equation
below:

DTBinder ¼ DTref ðMBinder � 1Þ ð27:6Þ

The layup of the preform influences the number of junctions available to form a
global loop, which results in varying electrical resistance in the loop. With a biaxial
layup of (0/90�) or of (+45�/-45�), a global loop compatible with the inductor flux
needs less junctions giving a higher heating temperature (MStacking = 1) than a
(0/45�) layup (MStacking = 0.88) with non-orthogonal fiber to fiber crossing. This
effect can be taken into account by:

DTLayup ¼ DTref ðMStacking � 1Þ ð27:7Þ

With these three equations (Eqs. 27.5–27.7), which are based on empirical data, the
material dependent influence can be accounted for with a standard deviation of 3 K.
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27.4.3 Compaction Pressure

The analysis shows, that the heat rate increases with the compaction pressure. By
increasing the compaction pressure, the resistance between the single layers will
be reduced and the heating temperature increased. The highest heating rate is
reached when all fibers are in direct contact with each other. For the model, this
effect can be taken into account by:

DTComp: ¼ DTRef 0:046 � ln
p

mbar

� �
þ 0:67K

� �
� 1

� �
ð27:8Þ

The reference Temperature (DTRef ) is measured at 1,000 mbar compaction
pressure resulting in DTComp: of *0 K. Any lower compaction pressure results in a
negative DTComp:, indicating that the heating temperature decreases following
Eq. 27.8.

27.4.4 Distance to the Inductor

As shown in Eq. 27.2, the distance d from specific layers to the inductor is
inversely proportional to on the heating temperature and has a large influence on it.
This correlation can be validated quantitatively by analysing the experimental
results, which leads to the following approximation:

DTZ ¼ TRef �
3
d
� 1

� �
ð27:9Þ

This formula predicts the resulting heating temperature influence with a medial
standard deviation of 2.17 K.

The graph in Fig. 27.4 shows the measured values as well as the predicted
curve featured by Eq. 27.9.

Fig. 27.4 Influence of
inductor distance to the
heating temperature
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27.4.5 Frequency

An often citied quadratic influence of the frequency [12, 16, 18] on the induced
power was not found in the experiments. For all experiments, a frequency gen-
erator EW5 from IFF GmbH has been used with an advanced control unit.
Herewith, it is possible to set the output frequency as well as the output power
independently of each other. At constant output power, no appreciable change in
the resulting temperatures was measured, while the whole frequency range of
10–30 kHz was tested in 2.5 kHz steps.

Only under certain conditions, such as at very low power set to very high
frequency, a drop instead of an expected rise in temperature was measured. This
effect depends on the control characteristic of the frequency generator and not on
electromagnetic coupling effects. A frequency effect will, therefore, not be taken
into account for the model.

27.4.6 Activation Time and Power Level

By increasing the activation time t or the output power p, Q will increase linearly
giving the following equations:

DTPower ¼ DTRef �
P

PRef
� 1

� �
ð27:10Þ

DTTime ¼ DTRef �
t

tRef
� 1

� �
ð27:11Þ

27.5 Mathematical Model to Predict Resulting Heat
at Each Layer

The resulting heating temperature DT can now be calculated for each layer
intersection by adding the results of Eqs. 27.3–27.11 to the reference temperature
DTRef :

DT ¼ DTref þ DTd þ DTTyp þ DTBinder þ DTLayup þ DTComp: þ DTz þ DTPower

þ DTTime

ð27:12Þ

To validate the model, the measured temperature differences resulting from
more than 300 experiments are compared to the calculated temperatures.

346 D.-I. Tobias Ströhlein



The standard deviation measured and the predicted values are below 5 K. By
taking also thermal effects like the conduction through the thickness and the
radiation heat loss into account, the standard deviation can be lowered to 3 K. As
long as the activation time is low (0.5–1.5 s), the mentioned thermodynamic
effects are found to be small in comparison to the total heating temperature and are
therefore negligible.

With Eq. 27.12 it is now possible to predict the heating temperature between all
layers. By calculating the resulting temperatures for each layer-to-layer interface
line by line in a spreadsheet, the machine parameters can be varied until all heating
temperatures at any position are within the defined process window.

27.6 Conclusion

A preform technology based on inductive heating has been presented and its main
heating principle has been identified. The potential to boost the time consuming
preforming step has already been shown. However, a method to predict the
resulting heating temperature was still missing. The method enables find optimal
parameters for efficient serial production.

This drawback has been solved by identifying the major parameters and ana-
lysing their quantitative influence on the heating. Taking this information into
account, a mathematical model is now available for prediction of each individual
temperature in any layer crossing in order to find and validate the optimal machine
parameters.
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Chapter 28
Combined Prepreg and Resin Infusion
Technologies

Novel Integral Manufacturing Processes for
Cost-Efficient CFRP Components

Robert Kaps and Martin Wiedemann

Abstract This chapter presents a novel manufacturing technology for the pro-
duction of integrated structures made of carbon fiber composite materials. This
manufacturing process is able to considerably reduce the production time of large
assemblies for primary structural applications. It is based on a combination of the
prepreg and the resin infusion technology, both of which are already established in
industrial aerospace production. Experimental studies have been carried out to
demonstrate the utility of this process. These investigations focused on the char-
acterization of the generated contact zone through the use of two matrix systems as
well as its mechanical properties.

28.1 Introduction

The material costs of aerospace composites are considerably higher than those of
the currently used lightweight metal alloys. These higher costs can be compensated
by the application of integrated manufacturing technologies that reduce the number
of production steps associated with the assembly of complex structural components.
The reproducibility and robustness of these integral technologies are in substantial
demand since the rejection costs for large structural component are considerable.

Just the handling and positioning of semi-finished fiber components actually
accounts for approximately 30% of the cost of structural components made of resin
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infusion and up to 45% of the cost of prepreg structures, depending on their
geometric complexity [1].

The use of CNC tape-laying machines can clearly simplify the lay-up of prepreg
materials in the production of simple geometric structures. However, this is usually
not feasible in the case of complex and integral structural components such as
stiffeners, frames and load transmission structures. If mechanical stability and
weight requirements demand the production of such complex components by means
of the prepreg technology, the costs increase significantly. A promising approach to
counteract this trend is to combine the prepreg and infusion technologies into one
single process. This methodology is presented on the following pages.

28.1.1 Prepreg Technology

The manufacture of fiber composite materials using woven or unidirectional (UD)
fiber layers pre-impregnated with matrix resin (prepreg) has become the most
widespread production process in the aerospace industry. The characteristics of the
prepreg-based manufacturing process are a high degree of process reliability and
the high quality of the components [2]. The excellent mechanical properties of
prepreg composites result from the straight lay up of the carbon filaments using UD
tapes and toughener-modified matrix resins. These features lead to the best ratio of
weight to mechanical properties feasible today for primary aerospace structures.

28.1.2 Infusion Technology

Liquid resin infusion (LRI) technology is a term applied for a group of processes
used to manufacture fiber composites from dry fiber preforms that involve infusion
of liquid matrix materials followed by subsequent curing.

The particular advantage of the LRI processes is the ability to comparatively
freely combine fiber and matrix materials, which allows for high flexibility in the
manufacturing process. Additionally, the use of semi-finished products, like non-
crimp fabrics (NCF), substantially reduces the preforming efforts especially for
complex preform geometries.

Unlike prepreg resins, infusion resins require lower viscosity in order to
completely impregnate the dry fiber material within the available process window.
However, the lower viscosity concurrently leads to an increased brittleness of the
resin matrix. Consequently, the mechanical strength values attainable in the
components with the LRI processes are, in some cases, lower than the values
attainable by the prepreg technology [3]. Another problem associated with the
infusion resins is the high volume shrinkage and the related spring-in effects [4].
Technologically critical can be the prevention of dry spots as a result of inho-
mogeneous soaking of the fibers in large thin shells.
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28.1.3 Integrated Technologies

Aside from joining together already cured composite components, aircraft
manufacturers have been applying the so-called co-bonding processes in the
production of composite rudder units for years [5]. In this process, individual
subassemblies manufactured or preformed by different technologies are joined by
means of sequential curing. However, the matrix systems of the subassemblies do
not cross-link to each other in this process since the matrix of one joining partner is
already cured.

A specific process using combined semi-finished parts is presented by Ermanni
[6]. In this process, uncured prepreg structures are placed on wet-wound carbon
fiber components. The assembly is then jointly vacuum-bagged and cured. This
process can be used, for example, for a wet-wound fuselage barrel with prepreg
stringer reinforcements. These type of processes that assemble non-cured parts are
called co-curing technologies.

Another process using the co-curing technology is described in [7]. Dry fiber
preforms are placed on large prepreg shell structures. A process called resin film
infusion (RFI) is used for the impregnation of the dry preforms. The resin film
fractions are placed inside the vacuum bag together with the dry fiber preforms.
The heating phase liquefies the resin film, wetting the dry fiber preforms. To obtain
optimal compatibility, the resin film and the prepreg matrix should preferably
consist of the same resin system. However, the flow range of the resin is limited
(a couple of centimeters) in the dry fabrics. Especially in the case of complex
structures and high resin viscosities, multiple resin reservoirs are necessary, which
make the lay-up more difficult. It also increases the risk of creating defects since
the wetting of the fibers by the resin is difficult to control.

28.2 Combined Prepreg and Resin Infusion Technology

A component manufactured by the combined prepreg and resin infusion (CPI)
technology consists of a prepreg and an infused component, whereby the infusion
resin is supplied from outside through the vacuum bagging of the component.
Thus, the application of this manufacturing process allows on one hand the
creation of simple geometries, exposed to high stress, solely made from prepreg
materials. On the other hand, the reinforcement or force-guiding structural
elements with challenging geometries can be implemented by dry fiber preforms
with much less manufacturing effort. The subsequent autoclave-based process
includes the resin infusion into dry fibers and joint curing of the entire structure.
The result is a complex composite component possessing the favorable mechanical
properties of prepreg as well as the cost efficiency of liquid resin infused (LRI)
structures.
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Since the two combined processes have opposing requirements with regard to
the viscosity of the matrix material, the use of two different resin systems in the CPI
manufacturing is unavoidable. This leads to the formation of a potentially critical
contact area between the two resin systems. Consequently, comprehensive inves-
tigations of the transition zone have been carried out by means of a selected pair of
materials. The optimization of the process control and the acceptance of the new
process in industrial-scale production are further demands of the investigations.

28.2.1 Effects in the Transition of Prepreg to Infusion Resin

The combination of two systems of semi finished products in one single process
and the combination of two different uncured resin systems need to be analyzed in
order to avoid any degradation of the material properties in the contact zone.

(a) Chemical compatibility
To ensure the compatibility of the prepreg and the infusion resin, the chemical

composition of both should preferably be similar. The chosen infusion resin is a
tetraglycidyl-methylene-dianiline (TGMDA) with two aromatic amin hardener
components 4,4’-Methylen-bis(2,6-diethylanilin) M-DEA and 4,4’-Methylen-
bis(2-isopropyl-6-methylanilin) M-MIPA [8]. This resin, called RTM6, is supplied
by Hexcel Composites and is developed in accordance with requirements of the
aerospace composites industry. The viscosity at the infusion temperature of 120�C
is about 33 mPas. The prepreg resin system basically consists of the same epoxy
polymer TGMDA but with a DDS (4, 4’-diaminodiphenyl sulfone) hardener agent.

In fact, based on the similarity of the basic epoxies RTM6 and Hexply6376, it is
assumed that both matrix resins will be highly compatible in the contact zone and
form a highly stressable compound.

A good test to validate this assumption is the measurement of the surface
Young’s modulus of the resin in the contact zone. The Young’s modulus of a
specimen surface with the two neat resin systems in contact was tested in Fig. 28.1
by micro indentation. The modulus ranges from the nominal value for the prepreg
resin to the value of the infusion resin with no significant sign of a discontinuity.
A significant discontinuity would be an indication of a disturbed ratio of the
reactive components and thus an incompatibility of the resin systems [9].

(b) Fluorescence microscopy of the transition zone
Prepreg materials are characterized by the non-hardened matrix-components

possessing a certain fraction of excess resin matrix. In regular production, the
excess resin is taken by the bleeder ply or peel ply [10]. As a result, the dry fiber
layers of the CPI assembly may take up a small amount of prepreg resin. This take
up is driven by the pressure difference between the vacuum applied to the dry
fibers and the resin pressure of the prepreg generated through the compaction
pressure of the autoclave. The capillary forces between the dry fibers generate an
additional force to disperse the prepreg resin. It can be expected that both effects
will shift the resin transition zone towards the area of dry fibers.
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For an assessment of the matrix distribution in sample materials, micrographs
were analyzed. The infusion resin was colored by a fluorescent dye to allow differ-
entiation between the matrix resins. This method can be used to analyze the impact of
various selected process parameters on the spatial distribution of the matrix resins.

The fluorescent dye’s accurate representation of the location of the infusion
resin was proved by analyzing a suitable sample both with the fluorescent
microscope and the energy dispersive X-ray (EDX) analysis that detected the
sulfur allocation of the DDS hardener agent [11].

The temperature level and duration of the dwell time just before the infusion of
RTM6 emerge as the major process parameters in the CPI production process. The
temperature of the dwell time has an impact on the viscosity of the prepreg resin
and, therefore, on the migration distance of the resin into the dry fibers. Prolonging
the dwell time increases the extent of the distribution of the prepreg resin into the
dry fiber material.

Figure 28.2 (left) shows a sample manufactured with a dwell time of 90 min at
120�C that was implemented prior to the infusion of the dye-containing resin.
Compared to Fig. 28.2 (right), in which the duration was 30 min at 90�C, a clearly
more extensive distribution of the prepreg resin into the former dry fiber material
is evident. Inspection of the matrix transition in Fig. 28.2 (left) shows that colored
resin areas completely surrounded by the prepreg resin system are notable. These
‘‘infusion resin islands’’ are basically generated by capillary forces within the
rovings of the unidirectional (UD) woven fabric, whereby the areas surrounding
the rovings remain rather dry and are subsequently filled with infusion resin.

(c) Simulation of the CPI process for a generic laminate
Mild bleeding into the dry fibers can have a positive effect on the mechanical

properties of the contact zone by creating a smooth transition between the two
matrix systems. Moreover, this effect can prevent a mechanically critical border of
the component (attachment of stringer to the skin, e.g.) from coinciding with the

Fig. 28.1 Indentation of a neat resin specimen of the two adjacent resin systems by micro
indentation
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transition zone of the two matrix systems. The positioning of the toughened pre-
preg resin in that region will also enhance the strength of the joining.

On the other hand bleeding can lead to exceeding the limit of the industry
standard for the fiber volume fraction Vf. This limit is actually Vf = 60 ± 4%. To
analyze the controllability of the maximum fiber volume fractions by the CPI
process parameters, a through thickness simulation of a generic CPI-laminate was
developed.

The physically basis of this simulation is the description of a stationary flow of
a fluid through a porous media presented in Eq. 28.1 (Darcy’s Law):

uD ¼ �
K

g
Dp

L
ð28:1Þ

where uD represents the Darcian velocity of the fluid, K the permeability, g the
viscosity of the fluid, L the distance and Dp the pressure difference between two
points. Adapted to a constant volume completely filled with variable fractions of
fibers and resin, the following leading differential equation describes the time
dependent change of the fiber volume fraction Vf:

oVf

o t
¼ 1

2
r KðVf Þ

g
rrf ðVf Þ

� �
ð28:2Þ

where t represents the time, and rf the relaxation pressure of the fiber bed [12]. In
the simulation the differential equation is solved by the finite difference method for
the thickness direction of a generic CPI-laminate.

Figure 28.3 shows the result of simulated CPI processes with two sets of
parameters with opposite effects to the prepreg bleeding. The first diagram shows
the local fiber volume fractions at 90�C process temperature and 15 min dwell
time prior to the infusion process. The second one displays a process time of
120�C and 30 min dwell time. The lower part of the laminate represents the
Prepreg layers, the upper one the infusion laminate.

Fig. 28.2 CPI samples manufactured at dwell time parameters of 120�C/90 min (left) and 90�C/
30 min (right)
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At the end of the upper process in Fig. 28.3, the infusion process was able to
restore the former high fiber volume fractions resulting from the bleeding effect
back to Vf, max end #1 = 63,05%. The final maximum fiber volume fraction in the
lower process exceeds the standards limit with Vf, max end #2 = 65,7%. This high
fiber volume fraction is a result of the higher dwell time and thus a wider distri-
bution of the prepreg resin into the dry fiber layers. A secondary effect is a higher
grade of reaction that leads to a higher viscosity of the prepreg resin at the end of
the dwell time. The dimension of the interaction zone is qualitatively comparable
to the microscopic results in Fig. 28.2.

For a large number of parameter sets, the maximum fiber volume fraction was
calculated to identify the process window for certain laminate thicknesses. The
results are shown in Fig. 28.4 with a diagram including all sets of process
parameter with a maximum allowed fiber volume fraction of Vf, max = 64%. Each
line is a function of the process temperature and the dwell time. As shown in the
diagram, practicable process windows exist for laminates equal or larger 1 mm
thickness (e.g. temperature B108�C and dwell time B30 min).

28.2.2 Mechanical Tests

The successful introduction of the CPI technology will ultimately depend on
whether the mechanical properties of the joined components will not weaken
the overall composite structure compared to standard bonding technologies.

Fig. 28.3 Through thickness simulation of a 4 mm CPI-laminat with two sets of process
parameters: 90�C process temperature and 15 min dwell time (upper diagram, #1), 120�C
process temperature and 30 min dwell time (lower diagram, #2)
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The following test programs were carried out in order to demonstrate the
mechanical performance of the contact zone.

The fracture toughness GC is capable of reflecting changes in the mechanical
strength properties in the transition zone when the process parameters, dwell time
and dwell time temperature, are varied [13].

Peel test samples were prepared and tested to determine the fracture toughness
applying an aerospace standard [14]. An initial crack, created by an inserted
halogen film, was required for this type of sample. It had to be ensured that this
crack coincided with a relevant interlaminar separation plane containing the
corresponding matrix transition. Since it is impossible to exactly determine the
actual position of the prepreg resin in the transition zone, the number of samples
for each set of parameters is increased to reflect four different crack levels
(Fig. 28.5).

The results of a sample series of pure infusion composites and pure prepreg
composites, respectively, demonstrates the practically independence of GC from

Fig. 28.4 Process window for maximum fiber volume fractions equal to the limit of Vf,

max = 64% as a function of process temperature and dwell time

Fig. 28.5 Description of the peel samples and crack positions
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the actual level of crack layer. All samples yielded the sample fracture toughness
values with a standard deviation of less than 2.5% (Fig. 28.6).

Preliminary rheological tests on the prepreg resin system Hexply6376 were
carried out in order to determine the sensible ranges of temperature and dwell time to
be varied in the experiments. This resulted in the use of two dwell time temperatures
and durations in the investigation of the influence of process parameters on the
fracture toughness: 120�C at a dwell time of 1.5 h and 90�C at a dwell time of 0.5 h.
The comparison of the respective samples reveals that these parameters have an
impact on the sample properties. The fracture toughness of the 90�C/30 min dwell
time samples is approx. 30% higher than that of the 120�C/90 min samples.

The distribution of fracture toughness within the different layers of both CPI
samples series reveals a peak of fracture toughness exactly at the crack level at
which the matrix transition zone is expected to be. The relatively low values in the
direction of the prepreg at crack layer no. 1 were confirmed in tests on pure
prepreg material. The average fiber volume fraction determined in these tests by
the analysis of photomicrographs was about 60–63%.

The influence of the process parameters on the distribution of fracture toughness
is shown in Fig. 28.6. The overall magnitude of the toughness values in the
90�C/30 min series of samples is higher than that of the 120�C/90 min dwell time
samples. A possible explanation is the ratio of the relative gelling times of the two
matrix systems. At a dwell time temperature of 120�C at 90 min, the cross-linking
of the prepreg resin progresses significantly beyond the level found at lower
temperatures and shorter dwell times. One possible consequence might be less
bonding to the subsequently infused resin and, therefore, slightly lower fracture

Fig. 28.6 Fracture toughness GIC in CPI-fabricated samples depending on the position of the
initial crack layer
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toughness. In both sample series the maximum fracture toughness appears in crack
layer number 3. This region represents the mean level of matrix transition
compared with the micrograph analyses [11]. It can be concluded that the peel
samples, as well, show that the resin transition zone has no weakening effect in a
bonding area of a CPI manufactured component.

28.2.3 Sample Structures

Technology sample structures are used to demonstrate the feasibility of manu-
facturing and the testing of the production methods. A further task is to prove the
successful implementation of mechanical concepts. Examples for each of these
purposes are presented.

(a) Stringer-reinforced panel
A promising application of the CPI technology is the usage of complex LRI

components as reinforcing elements on prepreg skins.
Such structures are always needed where thin-walled shells have to bear huge

bending and/or torsion loads, like fuselage shells or wing covers. Their thin and
lightweight structure makes such components sensitive to buckling and require
suitable reinforcements like stringers and frames. Planar or slightly curved prepreg
shells with a sufficiently large radius can be laid-up automatically by CNC-con-
trolled machines. This leads to a significant reduction in the cost of the shell
material lay-up. The stringers of the skin panel sample presented in this chapter are
provided in the so-called omega shape.

Layers of woven fabric including binder were laid up on a ROHACELL foam
core. A vacuum-assisted precompaction process and subsequent trimming pro-
duced easy-to-handle dry fiber preforms. Stringers with this design are inherently
stable and do not require tools for their assembly or fixation.

After the lay-up of the 2 mm prepreg skin, the stringers were fixed in their
proper position, whereby repositioning was possible without any difficulties.
Provision with covering plates, including the infusion line, was followed by the
vacuum bagging. The finished shell sample is shown in Fig. 28.7. Ultrasound
scans revealed that the attachment zones of the stringer foot to the prepreg shell
were free of defects and free of pores.

(b) Fracture experiments on spars
Preservation of the favorable properties of the semi finished materials combined

to a structural element is the basic requirement for the use of the CPI technology.
For this purpose, a three-cell experimental spar was designed to allow a direct
comparison in fracture tests between a spar made solely by resin infusion and a
spar made with prepreg fractions [15].

The concept of the three-cell spar allows the forces from the thrust of the web to
be coupled into the spar caps in multiple places. Tensile and compressive forces
are picked up mainly by the caps of the spar. High-stiffness and high-strength
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materials are preferably used in the flanges. These areas are particularly well suited
for accentuating the favorable properties of UD carbon fiber prepregs. For this
reason, an experimental spar each with infused and with prepreg caps was
designed and then exposed to load until fracture occurred.

Both tested spars were equipped with the identically sized webs made of dry
braided fiber preforms. The structure of the spar with prepreg flanges and web cells
is shown in Fig. 28.8 (left). The right part of Fig. 28.8 shows the finished preform
with its final layer of braided fabric tube in the tooling (no lid yet) ready for
vacuum bagging and processing.

The fracture experiments are successful with regard to the nominal loads of
15 kN (Fig. 28.9). A breaking load of 15.27 kN was achieved with the pure
infused spar and 16.24 kN with the CPI spar. In both cases the starting point for
the collapse of the spar was the failure of the compression loaded flange. However,
unlike the infused spar cap ‘‘wet web’’ löschen, the prepreg flange remained
attached to the web cells over the entire length of the spar except for the fracture
zone. The better attachment of the prepreg spar flange to the web cells can be
explained by the improved mechanical properties of the toughness-modified

Fig. 28.7 Finished stringer-reinforced prepreg shell made by the CPI fabrication technology

Fig. 28.8 Manufacture of the spar with prepreg belts (left); spar with final wrapping in the tool
(right)
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prepreg resin that penetrated from the flange into the contact zone during the dwell
time of the CPI process. These observations and the fact that the calculated
fracture loads were actually attained, demonstrate the successful applicability of
the CPI fabrication technique. The desired combination of the favorable properties
of the semi-finished elements is indeed preserved in the finished component.

28.3 Conclusions

The suitability of the CPI technology and its variants for the production of primary
aerospace components has been demonstrated by a large variety of applications.
For this purpose, components and samples manufactured with this technology
were systematically tested for their performance using current technological and
material parameters. The investigations focused on the compatibility of the matrix
materials, characterization of the transition zone, determination of the mechanical
properties as well as the manufacture and testing of entire assemblies. The fea-
sibility was tested in several samples as a basis to demonstrate applicability of the
CPI technology.

The visual characterization of the transition zone, using dyed infusion resin,
allows to study the impregnation behavior of the prepreg resin in the dry fibers and
the identification of temperature, time and capillarity as the driving force. The
determination of the fracture toughness was used in order to assess the influence of
the main process parameters. The duration and the temperature of the dwell time
just before the infusion of the resin into the dry fibers have an impact on the spread
of the prepreg resins in the contact zone. A shorter dwell time with a lower
temperature generate a higher main level of fracture toughness.

Comparative fracture tests with large spars made using both the CPI technology
with prepreg flanges and in pure LRI technology allowed to demonstrate that the

Fig. 28.9 Fracture test of the CPI-spar
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combination of favorable mechanical and handling properties of the semi-finished
parts are retained in a complex CPI structural element.

Sample structures were used to study the manufacturing of complex compo-
nents applying the prepreg component as a shell element with infusion filled dry
fiber reinforcements elements.

It can be concluded that the presented CPI process is suitable for the manu-
facture of highly loaded CFRP components. Compared to bonding and welding
technologies, the co-curing class CPI technology does not need any additional
manufacturing steps and is free of problems concerning the fitting accuracy of the
parts to be assembled. Furthermore, the use of infused fiber preforms in combi-
nation with prepreg preforms has the ability to significantly reduce efforts to
produce large integral assemblies for primary structural applications.
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Chapter 29
Interactive Manufacturing Process
Parameter Control

Markus Kleineberg, Nico Liebers and Michael Kühn

Abstract The most critical step within the process chain is the curing of the
matrix because here the different semi-finished products are transformed into a
completely new compound material. In case of thermoset matrix systems all
geometrical characteristics of the produced composite component are frozen as
well. Tolerances in the chemical composition of the matrix or simple aging aspects
can influence the crosslinking reaction while typical weight tolerances of the fibre
product may affect the fibre content, the laminate thickness or even the global
geometrical shape of the composite component through the so called ‘‘Spring-In’’
phenomenon. Interactively controlling the curing step is a promising approach to
solve most of the above mentioned problems.

29.1 Introduction

Along with the growing demand for continuous fiber reinforced composite struc-
tures for future energy efficient aircrafts and other vehicles there is an emerging
need for highly productive manufacturing strategies. The related high rate pro-
duction processes will benefit from a significantly increased level of automation to
increase the production speed and reproducibility. Looking at the process itself it
will be necessary to reduce infiltration and curing times as much as possible to
optimise the efficiency of the process. Furthermore high rate production processes
have to be absolutely reliable to minimize quality control efforts and the scrap rate.
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Today the production processes for high performance CFRP components are
restricted because all crucial parameters like for example pressure, cure tempera-
ture, dwell time, heat-up and cool-down rates are specified and fixed. In order to
meet the demands mentioned above a dynamic control of all those process
parameter based on an online condition monitoring of the important laminate
properties should be a viable option. A highly promising research approach in this
respect is the observation of the laminate throughout the complete process via
ultrasonic sensors. Such sensors have to be compatible to the conditions of the
process and the derived signal has to be reliable enough to correct the process
boundary conditions as required. Compared to the well-known dielectric cure
sensors not only the surface but also the local volume of the laminate is measured by
ultrasonic sensors. This in turn means that not only resin flow fronts and the state of
cure at the sensor surface can be measured but also volumetric conditions like the
local laminate thickness and the degree of cure over laminate thickness. Possibly
also void content can be analysed and utilised to optimise the process parameters.

29.2 Typical Production Processes for Composite
Structures

A variety of different processes is available to manufacture CFRP components.
Besides thermoplastic and thermoset matrix systems it is also important to dis-
tinguish between high viscosity resin systems typically used for prepreg processes
and low viscosity resin systems typically used for LCM (Liquid Composite
Moulding) processes. Depending on the application open moulds with a variable
cavity or closed moulds with a geometrically constant cavity are viable. Open
mould concepts are based on a rigid mould side which is sealed with an elastic
membrane, Fig. 29.1b. By varying the pressure on the membrane it is possible to
adjust the fiber content or respectively the thickness of the laminate especially for
LCM Processes. To demould a thermoset component a minimum degree of cure
has to be ensured. For thermoplastic components it is necessary to cool down
below a temperature threshold specific to the matrix before demoulding. Elevated
pressure can be used in combination with closed moulds (Fig. 29.1a) and low
viscosity resin systems to accelerate the infusion process and to reduce the volume
of possible voids. For open mould concepts an autoclave can be used to increase
the pressure on the membrane, Fig. 29.1b.

29.3 Crucial Manufacturing Process Parameters

To evaluate the quality of a high performance laminate matrix the aspects related
to the architecture and the orientation of the fibers have to be analysed. Destructive
test methods in combination with a concept to assure quality are typically used to
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guarantee the correct architecture and orientation of the fibers. Matrix related
quality assurance is usually based on process parameter data recordings of time,
temperature and pressure (Fig. 29.2) and a final ultrasonic and optical inspection.
If the process parameter data recordings are within an acceptable tolerance
bandwidth one assumes that the real properties of laminate like fiber volume
content, degree of cure and void content are almost alright. Finally one relies on
the final ultrasonic inspections.
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The drawback of this approach is that faulty composite components will not be
identified until at the end of the production chain. In addition to the enormous
effort for the time consuming and expensive final inspection all components are led
through the production chain no matter whether they are correctly processed or
not. During the infusion of dry semi-finished fiber products in an open mould
process, one particular problem is the scatter of the laminate thickness as a result
of areal weight variations in the semi-finished product. Furthermore the history of
the resin system has an impact on the gelation behaviour and on the viscosity of
the resin which in turn significantly affects the processing window. To make sure
that most of these uncertainties are taken into consideration the pre-defined
processing conditions are highly conservative. The related additional costs for the
prolonged use of manufacturing equipment and relatively high rejection rates are
being accepted because other cost drivers dominate the labour intensive classical
manufacturing process for high performance composite components.

29.4 Interactive Manufacturing Process Control
Using Ultrasound

Sensor-guided controls which optimise both productivity and quality can be a short
term solution for the dilemma mentioned above. One of the most important
measurement methods in this context is the ultrasound technology which provides
indications of the injection and resin curing progress, about void formations and
the laminate thickness [1]. This sensors, which can be integrated into the manu-
facturing equipment, do not require any direct contact with the component as their
ultrasound penetrates the tool wall. This means that the component surface is not
impaired by sensor marks. The thickness of the laminate respectively the fiber
volume content is an especially critical parameter in open mould injection. It
shows high deviations from tolerance which can be brought down to a very low
level of less than 100 lm with the aid of ultrasonic measuring systems. With this
quality parameter in the new process control approach the injection process can be
sensor-controlled via the differential pressure between the ambiance (autoclave)
and the injection system. The ultrasonic signal is used in the next step in the
process, the curing, to ascertain the completion of cross-linking and thus the time
point of demoulding. Ultrasound transmission is used to monitor production, i.e.
with a separate ultrasound sender and receiver, Fig. 29.3.

This has the advantage that it is a strong, easy to evaluate measurement signal
which is easy to evaluate and insensitive to interference. The sensors are integrated
into the mould and the vacuum assembly with specially developed adaptors.

In order to minimise the influence of the tool, a reference signal is recorded at
each measuring point before measurement so that only the changes in the sound
duration and signal amplitude are measured.
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29.4.1 Interactive Thickness/Fiber Volume Content Control

As the signal transmission time is influenced by factors including the travelling
path and the material and temperature-dependent sound velocity, the ascertainment
of thickness always has to take place under the same process conditions.

In order to achieve a precise thickness setting, reference curves have to be
recorded and the achieved thicknesses on the finished part have to be defined. The
reference curves serve as models to control the process parameters and to precisely
adjust the laminate thickness, Fig. 29.4.

Fig. 29.4 Procedure for thickness adjustment

Fig. 29.3 Arrangement of US sensors
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29.4.2 Interactive Cure Control

A process that is terminated by the state of cure has the advantage that the cycle
time can be significantly reduced which in turn means that also related machine
costs can be minimised. Another important quality aspect for high performance
composite structures is the geometrical accuracy which is in turn highly dependent
on the residual stress within the cured laminate. Since the residual stress cannot be
avoided it is far more important to reduce the scatter of internal stresses induced by
the cure cycle. By detecting the slight increase in density and the related increase
in speed of sound within the curing matrix it is possible to identify the beginning
of the gelation phase at an early stage. Knowing the cure status it is possible to
adjust the temperature of the process in a way that the gelation can be accelerated
or delayed. The target is to ensure the same gelation conditions for every com-
ponent because that is the key to control deformations induced by stress like for
example ‘‘Spring-In’’ effects.

29.4.3 Interactive Void Content Control

Comparable to conventional ultrasonic inspections it is possible to identify pos-
sible void formations in the area of the sensor by analysing the modulated sensor
signal during the infusion phase. As long as the resin is still in a liquid state it is
possible to increase the process pressure in the case of detected void problems. By
increasing the process pressure the void volume can be compressed (Boyle’s/
Mariotts’s law) and the ability of the resin to absorb the gaseous void content is
increased (Henry’s law). The described procedure could be a valid counter mea-
sure against the contamination of resin batches with increased amounts of water or
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Fig. 29.5 Adjustment of fiber volume content with the SLI process [2]
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solvents. The enhanced process maturity could be used for example to lower the
resin specification requirements which in turn should lead to reduced resin costs.

29.5 Application Examples

Open mould LCM processes like e.g. the SLI (Single Line Injection) method offer
the biggest potential for interactively controlled processes, especially if they are
carried out in an autoclave at an elevated level of pressure (Fig. 29.5).

Prepreg processes have also been monitored successfully with ultrasonic sen-
sors but the adjustment of the fiber volume content by controlled bleeding is highly
dependent on the viscosity of the prepreg system. A serious equipment related
problem is caused by the very demanding pressure and temperature conditions
required for the manufacturing of high performance 180�C composite components.
Furthermore the question had to be clarified how many sensors are necessary to get
a reliable prediction of the final laminate parameters.

29.5.1 Manufacturing of Omega Shaped Frame Structures

To increase the potential of lightweight design structures the automotive industry
has recently enhanced their efforts in the field of high performance composite
structures. To obtain a better understanding of typical automotive boundary con-
ditions an initiative has been started with focus on future car concepts [3], Fig. 29.6.

Fig. 29.6 Omega shaped frame structure
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Within this initiative one topic was the design and manufacturing of an inno-
vative, crash optimised B-rib for future car concepts. The concept of this CFRP B-
rib is being described more in detail in Chap. 23 in this book. For the development
of a concept to assure mould quality a high degree of integration is taken into
account right from the start. As the sensors do not deliver a signal until the cavity
is filled with resin and both sensors are supposed to react at the same time, a flow
simulation is carried out to find out the best positions for the sensors which are
installed to check the advancing flow front during the infusion.

In the next step the position and size of the inflow channels integrated in the
mould are varied in order to identify the best infusion procedure. Two ultrasonic
sensors are screwed into the aluminium tool in such a way that the sensor faces are
parallel to the mould’s surface. After a reference signal has been recorded and the
preform has been laid down, the second pair of sensors is placed directly opposite
the sensors in the mould. In order to ensure an even surface and homogenous
pressure distribution on the laminate, a caul plate is laid directly onto the perform
(Fig. 29.7). During the first infusion the ultrasonic signals are recorded and the
transmission times correlated with the component thickness. The recorded refer-
ence curve is consulted to set the component thickness in the following infusion
(phase I, Fig. 29.4). After the infusion has been initiated, the actual ultrasonic
signal curve is assimilated to the reference curve by regulating the differential
pressure between the infusion system and the autoclave (phase II, Fig. 29.4). The
fiber volume content is slightly reduced for a thicker component by infiltrating more
resin; resin is pressed out to produce a thinner component. When the target
thickness is reached, the infusion is stopped and the curing cycle initiated (phase III,
Fig. 29.4).

Fig. 29.7 Manufacturing of complex frame structures
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29.5.2 Manufacturing of Coupon Panels

For the identification of viable process parameters for innovative fiber preforms
and resin systems the proper monitoring of coupon panels manufacturing has a
high priority. To reach the required close tolerances typical RTM (Resin Transfer
Moulding) processes and rather small, closed moulds are used for the coupon
panels manufacturing. To be more efficient especially in extensive qualification
and screening programs the controlled LCM process have proved to be a highly
competitive alternative. Tolerances below ±0,1 mm can be produced repeatedly
for typical 4 mm coupon panels which means that the thickness accuracy is
absolutely comparable to RTM manufacturing processes. As shown in Fig. 29.8 a
single ultrasonic sensor is sufficient to get a good reference for the average
thickness value of the coupon panel. By adjusting the difference in pressure
between the autoclave and the infusion system the required nominal panel
thickness is set.

29.6 Conclusion

Even though it has turned out to be quite tricky to extract the various information
from the signal of the ultrasonic sensors especially the interactive thickness control
option works fine. The robustness of the measurement equipment and the quality
of the signal are at an acceptable level and the experiences especially with the
manufacturing of coupon panels are positive.

Fig. 29.8 Manufacturing of coupon panels
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Chapter 30
Autonomous Composite Structures

Hans Peter Monner and Michael Rose

Abstract The vision behind so-called autonomous composite structures is the
creation of a new class of composite lightweight structures with significantly
enhanced capabilities with respect to traditional design. This includes health
monitoring features to increase the maintainability and to enlarge the achievable
design layouts as well as the incorporation of noise reduction and vibration control
capabilities directly into the structure. The overall quantity to be minimized is the
weight per surface ratio, which can only be put below a certain application
dependent threshold value by active methods. Therefore three different key
technologies have to be merged into one autonomous system: energy harvesting,
smart structures and fiber composites. This section gives an overview about the
requirements for current and future research to make this vision real and presents
examples which demonstrate that some key aspects of autonomous composite
structures are already realizable with ‘‘state of the art’’ techniques.

30.1 Limitations of Purely Passive Structural Design

In many applications and especially in the aerospace industry, composite struc-
tures are increasingly used to substitute other materials like aluminium in certain
parts or whole assembly groups due to their excellent stiffness to weight ratio.
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Prominent examples are given by the planes A380 from Airbus and the Dreamliner
from Boeing. A small reduction in aircraft weight has big impact on market value
in the aerospace industry due to the leverage effect on fuel saving. But there are
some challenging difficulties in every design of composite fiber based structures of
reasonable complexity [1]:

1. Joining composite fiber components in an assembly task needs sophisticated
techniques and these connections tend to weaken the structures or have a big
weight penalty.

2. Damages due to surface impacts or internal delamination may severely degrade
the structural load carrying capacity and are hard to detect by visual inspection.

3. Due to the high stiffness and low weight, large surfaces tend to vibrate and have
low resistance against noise transmission.

The linkage problems can be reduced by manufacturing large composite fiber
components like wings or complete sections of the fuselage in one piece using big
autoclaves and sophisticated design tools for the fiber layout. But the other
problems are inherent properties of these modern materials and there are no known
solutions to solve them by purely passive design. The damage detection problem
leads to so-called health monitoring systems, which are described in Sect. 30.3.

A crucial issue is the addiction of lightweight structures to radiate or transmit
noise due to structure-borne sound or excitating noise e.g. at the outside of aircrafts.
Broadband high frequency noise can be damped by suitable passive concepts with
relatively low weight penalty, but the low frequency noise up to 500 Hz can not be
treated in the same way, because absorbers with big masses would be needed to
have suitable resonance frequencies. In this field, active or semi-active control
concepts as described in Sect. 30.4 are quite promising to fill the frequency gap.

All these active strategies need suitable energy supply units to work properly. In
the past, the needed energy was provided by external units with heavy weight and
large energy consumption. A central point in autonomous system design is the
integration of small energy supply units into the structure itself to provide the
needed energy in a decentralized manner converting energy from the environment
like heat, light or even vibrations.
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Fig. 30.1 Technologies to be
merged into an autonomous
composite structure
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In conclusion, to circumvent the limitations of purely passive designed struc-
tures, the vision is to establish a new class of composite lightweight structures,
which have the capability to operate autonomously in a wanted manner, e.g. to
reduce noise or to monitor the structure’s health, and this only by using ambient
energy. For this, three different key technologies have to be merged into one
system: Energy harvesting, smart structures and fiber composites (Fig. 30.1). In
the following an overview of these key technologies and how they have to interact
with each other is given.

30.2 General Aspects of Smart Structures

The combination of fibers with a matrix is a successfully proven technology in
various branches, giving the engineer a large amount of freedom in designing a
lightweight structure. This reaches from fibers and matrices selection over a
loadpath optimized design to the possibility to integrate additional functionality
into the structure. Up today the latter is only merely addressed in existing
industrial design processes but it is now recognized that a significant amount of
lightweight potential lays in this approach: sensors, actuators, electronics, etc.
become an integral part of the composite structure.

A smart structure involves five key elements: structural material, distributed
actuators and sensors, control or analysis algorithms, and power conditioning
electronics. With these components a smart structure has the capability to respond
to changing environmental and operational conditions (such as vibrations, noise,
and shape change) or to be used to monitor the structural health. In order to
respond to changing environmental and operational conditions, microprocessors
evaluate the responses of the sensors and use integrated control algorithms to
command the actuators to apply localized strains/displacements/damping to alter
the elasto–mechanical system response [2].

The actuators and sensors are highly integrated into the structure by surface
bonding or embedding without causing any significant changes in the mass or
structural stiffness of the system. In order to do so a fundamental part of smart
structures are solid state actuators and sensors based on smart materials like
piezoelectrics, magnetostrictives and electroactive polymers. Piezoelectrics are the
most popular smart materials [3]. They react with deformation/strain when an
electric field is applied and conversely produce voltage at the electrodes when
strain is present. Therefore they are successfully used both as actuators and
sensors. They are only capable to produce small strains directly, but the broad
frequency range of these devices in combination of acceptable linear behavior in
suitable operating conditions makes them the natural selection for actuators and
sensors in most vibration/noise control smart structures. However, on the way to
be autonomous the energy supply of a smart structure represents one of the most
demanding tasks. The promising technologies developed within the emerging field
of energy harvesting have the potential to close this gap.
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30.3 Health Monitoring for Damage Detection

For structural health monitoring the actuators are used as transmitters for lamb
waves, which propagate in the structure and are detected by the sensors. Micro-
processors with specific embedded algorithms analyze the sensor signals to
identify the structural integrity [4]. An integrated system for structural health
monitoring allows an improved lightweight design, because composite structures
can be realized that lacked the possibility of traditional visual inspection. More-
over, this system can be used for monitoring and damage detection of the structure.

Lamb waves can travel through large areas of components in contrast to lon-
gitudinal waves, which are only suitable for local testing with high resolution. For
damage detection it is crucial to know how defects within the materials affect the
propagation of wave modes and to select suitable ones based on this knowledge.
The frequency range for lamb wave testing is between 10 kHz and 2 MHz,
excitations are narrow banded modulated sinus signals or bursts.

30.4 Noise Reduction with Active Control

Active measures for noise cancellation allow avoiding the implementation of
additional mass as damping material since especially CFRP structures have an
acoustically critical weight to stiffness ratio. Low frequency noise can now be
sufficiently addressed. There are mainly three approaches for noise and vibration
cancellation based on structural concepts:

1. Active methods based on feed-forward control with reference signals.
2. Active methods based on feedback control algorithms.
3. Semi-active methods with hybrid electronic networks.

The first two strategies are discussed more thoroughly in Chaps. 34 and 36
whereas the third strategy is the focus of Chap. 33. The feed-forward control usually
uses inherently stable FIR filter and can give very good performance if good refer-
ence signals are available. Good reference signals are characterized by the fact, that
they have a good correlation to future excitations of the structure under investigation.
This limits the applicability of feed-forward control to certain application scenarios.
Excellent performance is given in situations where noise travels long distances
before leaving the system like in air conditioning ducts or fabrication halls, polluting
the environment with noise through chimneys. If such reference signals are not
available, feedback algorithms based on H2- or H?-control design are a common
choice to increase structural damping by active means [5, 6]. A fair balance regarding
achievable performance and robustness has to be found always a posteriori. If system
parameters drift (e.g. temperature changes, change of friction or change of system
configuration like open/closed doors), the expectations on frequency dependent
damping have to be lowered. Otherwise the closed control is prone to become
unstable with very high oscillations or even system failure.
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Both control types can be used in combination to benefit from each strength.
Certain system excitations can be reduced by feed-forward control, which may
also lead to improved stability of structures. The filter length of feed-forward FIR
filters may also be substantially lowered if certain plant system poles can be
stabilized by an inner feedback control.

Generally speaking the semi-active methods are inferior to full active ones with
respect to achievable performance, because they can’t realize frequency transfer
functions with magnitudes bigger than one (at least if purely passive networks are
simulated by the used hybrid networks). But there are several aspects which make
them a good candidate for the control part of autonomous composite structures:

1. Low energy consumption.
2. High miniaturization possible.
3. Decentralized operation of several units possible.

The consumed energy is only needed to supply active components like operational
amplifier with the necessary energy. Therefore lower requirements are needed for
energy harvesting methods and this promises high miniaturization levels. Several
hybrid networks have been tested in the past like tuned absorbers acting as
conventional mass spring absorbers with less weight impact. This kind of absorber
acts only locally within the frequency range. Other more sophisticated networks like
the ones based on the simulation of negative capacities have a broad band damping
effect. Due to the fact, that they are designed to increase the damping of the structure
by electrical resistors in combination with a cancellation of the piezoelectric
capacity, they are very robust and stable and many autonomous units with such kind
of networks can easily be used in a decentralized fashion [7, 8].

30.5 Energy Harvesting

In many technical applications there is a considerable amount of ambient energy
available. This ambient energy is typically present in the form of thermal energy,
light (solar) energy, or mechanical energy. The process of capturing this energy
from the environment or a surrounding system and converting it to perform any
useful work is known as energy harvesting [9]. Possible power suppliers can be
thermoelectric generators [10], mechanical vibration devices using piezoelectric
transducers, wind turbines, and solar cells. A combination of several energy har-
vesting strategies in one device can be advantageous to increase the harvesting
capabilities. Besides the energy converter a harvesting module that effectively
captures, accumulates, stores, conditions and manages power for the device is
required. Other forms of energy harvesting include the wireless energy transmis-
sion for SHM sensor nodes [11].

The miniaturization of the energy harvesting system is a crucial task to achieve a
sufficient mass to energy conversion ratio. Significant progress in microelectronics
allows a reduction in mass and volume as well as an increase in energy conversion.
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This is of special importance when it comes to the system integration into fiber
composites.

There are many other technologies for smart structures that have proven their
potential also in combination with fiber composites. By replacing power condi-
tioning hardware and cables with energy harvesting technology the overall system
complexity and weight can further be reduced and the vision of an autonomous
operating composite structure comes closer to reality.
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Chapter 31
Design of a Smart Leading Edge Device

Markus Kintscher and Martin Wiedemann

Abstract To make use of low-drag future generation wings with high aspect ratio
and low sweep for natural laminar flow, new high lift devices have to be developed
(ACARE (Addendum to the Strategic Research Agenda, 2008), Horstmann
(TELFONA, Contribution to Laminar Wing Development for Future Transport
Aircraft, 2006)). At the wing leading edge a smart e.g. morphing high lift device is
being developed which provides a high-quality surface without gaps and steps.
Due to the low maturity of morphing skins (Thill et al. (The Aeronautical Journal,
112:117–138)) the challenge of high strains has to be solved by an adequate design
and sizing process. The presented design process comprises the requirements of a
smart leading edge device, the structural pre-design and sizing of a full-scale
leading edge section for wind tunnel tests.

31.1 Introduction

In conventional high lift configurations, devices on leading and trailing edges with
open slots are used to achieve additional lift. Because of the gap between the slat and
the main wing when deployed, the air flow at conventional high lift devices is disturbed
and causes transition to turbulent flow immediately after the slat gap. Thus, new high
lift devices have to be developed [ACARE (Addendum to the Strategic Research
Agenda, 2008), Horstmann (TELFONA, Contribution to Laminar Wing Development
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for Future Transport Aircraft, 2006)]. Additionally, the construction space in the
next generation of high aspect ratio wings is limited due to the employment of slim
profiles. Furthermore the slots have been identified as a major source of noise during
landing approach [4–6]. Thus smart seamless and gapless high lift devices especially at
the wing0s leading edge are a mandatory enabler for future wings to significantly
increase aerodynamic efficiency and to reduce acoustic emission.

The considered application is an alternative to the slat or a conventional droop
nose device. The benefit of a smart droop nose device comes from a smooth surface
without gaps and steps leading to the reduction of parasite drag and an improved
noise characteristic. The most important requirements in this scenario are the
contour accuracy in cruise flight and the curvature on the upper wing side in drooped
configuration for a maximum of aerodynamic performance. For compliance with the
required contour accuracy in cruise the smart leading edge structure must fulfill the
standard specifications for shape and waviness. The curvature on the upper wing
side has to be as smooth as possible because of the negative influence of locally high
curvature peaks on the distribution of pressure and boundary layer. For this reason
the maximum droop angle is limited to about 30� to avoid a locally increasing
curvature at the position of the attachment of the leading edge to the front spar.

A continuous deformable leading edge for the adaptation of the airfoil shape to
the flight and flow conditions is required. A suitable skin has to provide elasticity for
the deformation and stiffness at the same time. According to Campanile [7] a modal
synthesis approach can be used for the design of smart structures with an inner
mechanism. Within this approach the layout and the stiffness of the smart structure is
‘‘tuned’’ towards the desired change in shape when actuated. With this approach in
mind a design and sizing procedure for the design of the smart leading edge aiming at
a minimum restraint of the smart structure is developed. A continuous monolithic
skin supported by omega shaped stringers at specific positions has been defined as
the structural concept. The objective is a structural system with a flexible continuous
skin and an activation concept in form of an ‘‘active rib’’. The main idea is to design a
skin structure which is only charged by bending loads to limit the evolving strains in
the skin. This can be achieved by an actuation concept which only guides the up and
downward movement while the shape reached effectively is controlled by the
stiffness design of the skin itself. Due to the unavailability of an ideal morphing skin,
the approach of a monolithic skin supported by omega stringers requires a thin skin
at critical locations to avoid high strains caused by structural deformation. The
performance of the system therefore heavily depends on the optimization of the
number and position of actuators and kinematics considering the stiffness of the skin.

31.2 Structural Design Process

Due to the low maturity of morphing skins [3] the challenge of high strains has to be
solved by an adequate design and sizing process. The structural design process is
based on a target shape which is derived from an aerodynamic optimization process.
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It is characterized by its smooth curvature on the upper surface of the airfoil. For the
design of the smart leading edge device the front spar position is fixed. In Fig. 31.1
the position of the front spar, the undeformed and deformed part of the smart skin
and the corresponding region of the FE model for the pre-design and sizing is shown.

For the adaptation of the structural stiffness to the aspired change of shape, the
development of an automated design and sizing process which generates an
optimal distribution of stiffness and configuration layout is necessary. A pre-design
analysis is used for the estimation of initial values of design variables.

The initial distribution of skin thickness can be derived from the difference in
curvature

Dj ¼ j1 � j0 ð31:1Þ

with

ji x sð Þ; y sð Þð Þ ¼ x0 sð Þy00 sð Þ � x00 sð Þy0 sð Þ

x0 sð Þ2þy0 sð Þ2
� �ð3=2Þ ð31:2Þ

of the undeformed and the deformed shape for example.
Assuming that the skin structure is subjected only to bending loads, the max-

imum allowable skin thickness t over the normalized circumferential length of the
leading edge from upper to lower skin s of the leading edge can be derived with a
given maximum strain limit elim by

tðsÞ ¼ elim

1=2 � DjðsÞ
: ð31:3Þ

A maximum of curvature difference is calculated especially at the nose tip from
35 to 55% of the profile. This is the most critical part of the structure. In this area
the deformation leads to significant bending of the skin structure and therefore
high strains and stresses. Assuming a minimum thickness of the laminat of
0.125 mm for reasons of manufacturing capability, the minimum skin thickness in
this area is limited to one millimeter.

From the pre-design analysis the following conclusions can be drawn for the
development of the automated design and sizing process:

FE model
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• Intensive bending of the structure of the LE tip is necessary for the achievement
of the specified aerodynamic target shape.

• Due to the bending, large strains are assumed in the outer fibers of the thin skin.
Therefore a prepreg material has to be chosen which provides large strain
capability.

• For reasons of manufacturing the design process has to consider requirements
for the manufacturing of the fiber reinforced skin like a minimum skin thickness
and a minimum distance for the ending of single layers as well as for the
stacking sequence of layers.

• Due to the thin skin thickness an optimized setup of stiffeners and support
stations is necessary to fulfill the requirements of the profile contour in cruise as
well as in high-lift configuration.

Initialization : 

• Target Shape

• Skin Thickness Distribution

• Number and Position of Supports

Optimization for load case
“approach”: 

• Skin stiffness distribution

• Actuation Displacement

• Position of Supports

• Actuator Trajectories

Optimization for load case
“cruise flight”: 

• Optimization of Number
and Position of Supports

Design of Inner Mechanism

Integration of Inner Mechanism, 
Check of Constraint Satisfaction

Final Design
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Fig. 31.2 Flowchart of the design and sizing process
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• The optimization of support stations requires a pre-design and integration of a
simplified kinematical mechanism for the evaluation of simulation and design.

According to the major load cases cruise flight and landing approach the design
and sizing process is divided into two optimization procedures which are imple-
mented in an outer iterative loop (Fig. 31.2) This is necessary because of the
bidirectional influence of each optimization approach on the global structural
stiffness. Here the simplex search method of Lagarias [8] is used as a well-known
and robust optimization approach.

The objective function for each optimization approach is to minimize the
deviations from the given aerodynamic target and clean shape respectively.

obj ¼ min max

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxi � xt arg etÞ2 þ ðzi � zt arg etÞ2

q� �� �
ð31:4Þ

The intention is a tailoring of the stiffness of the skin which leads to the desired
deformation when actuated at specific points on the lower skin panel.

To design the simplified kinematical inner mechanism the displacement
boundary conditions are used in the optimization procedures. Once the optimi-
zation of the skin thickness and the number and position of support stations is
converged and finished, the kinematical trajectories of each support station in
Fig. 31.3 can be used for the design of a simplified kinematical mechanism.

As assumption for the design of the kinematical mechanism trajectories are
approximated assuming a circular motion of the load introduction points around a
single pivot hinge point P2. With this assumption an optimization loop is started
for each kinematical path with the objective to minimize the difference between
the trajectory derived from the FE analysis and the path resulting from the
assumption of a circular motion. The corresponding design parameters for each
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support station in span are the coordinates of the points P1, P2 and the actuation
angle u.

The resulting mechanism on the one hand provides the desired motion for the
deformation of the skin structure and on the other hand it provides sufficient
support of the upper skin to guarantee the required profile contour under aero-
dynamic loading.

31.3 Evaluation of Results and Final Design

The final result of the optimization of the distribution of the skin thickness as well
as the number and positions of support stations is presented in Fig. 31.4. The two
stringers on the lower skin, i.e. at 22 and 35% circumferential length, are primarily
used for load introduction during the change of shape. The stringers on the upper
side (64 and 77%) serve as stiffeners in the span direction and support the upper
skin against the aerodynamic loads.

As material a glass fiber prepreg with HexPly913 from Hexcel composites was
chosen. The material is well- known from its application in the manufacturing of
rotor blades. The material provides a good compromise concerning stiffness and
large strain capability which is important for the stiffness under aerodynamic
loading and the static strength for drooping the leading edge. The fiber layup and
stacking sequence is chosen according to the maximum strains in the outer fibers
of the elastic skin. The most critical material parameter is the tensile strength of
the laminates matrix. Therefore the outer fiber layers are aligned in circumferential
i.e. 0� direction of the skin. Providing stiffness in the span direction and at the
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Fig. 31.4 Side-view of deformed slices at position y1 = 0.0, y2 = 256.4, y3 = 538.45 and
y4 = 820.5 mm with clean- and target shape
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same time torsional stiffness the fiber orientations of ±45 and 90� are used in
layers which are nearer to the neutral surface of the laminate Due to the fact that
the wind tunnel model is untapered and has no wing sweep the skin laminate setup
is constant over the complete span of the model.

31.3.1 Performance in High-Lift Configuration

The evaluation of the performance in high-lift condition comprises mainly a check
of the contour accuracy under aerodynamic loads and a check of the static strength
of the structure. In Fig. 31.4 a side- view of the deformed profile is presented. The
plot shows good agreement of the cross-sectional shapes according to FEM after
optimization in the span direction which indicates sufficient stiffness and no
buckling for example at the position of kinematics (y2 and y4) or in between. The
target shape was derived by Kühn by an aerodynamic optimization [9].

As mentioned before the contour accuracy of the deformed configuration
strongly depends on the interaction of the kinematics and the realized distribution of
bending stiffness of the skin structure. Due to the deviation in the kinematic
mechanism from the optimum paths a deviation in the size of the kinematics of
around five millimetres is expected. Additionally, there is a deviation from the
optimal distribution of stiffness of the skin due to the realization of the layer
stacking sequence and the manufacturing constraints. The layer stacking sequence
cannot be changed smoothly over the contour due to the balanced character of the
laminate and the thickness of the discrete layers. Furthermore, minimum run-out
distances of single layers have to be considered in order to avoid too rapid changes
in stiffness and following stress concentrations. Finally, the minimum skin thick-
ness at the leading edge tip is constrained to a minimum of one millimetre to be able
to handle it even though a thinner skin would be sufficient to match the target shape.

In the evaluation of the structural strength the maximum strain criterion is used
to indicate the failure of the structure. For a better understanding of the material
and for the identification of the maximum strain limit, cyclic bending tests are
conducted with glass fiber HexPly 913 prepreg, for which a three point bending
test-setup is used [10].The results of the tests are shown in Fig. 31.5

In the cyclic bending tests a maximum bending strain of 3.5% of the material in
unidirectional configuration has been found. This is far beyond the predicted and
required strain level of around 1% in the outer fibers at critical locations in the
leading edge structure. Even for the improper 0�/90� laminate design strains of up
to 2.8% have been observed.

The tests were conducted according to DIN EN ISO 178. The thickness of the
samples was chosen according to the most critical location in the leading edge
structure. The cyclic tests were primarily used for a check of the thin skin structure
under the mentioned loading conditions with their related large strain levels. The
objective was to identify the maximum strain level for a limited number of 20
cycles. A starting damage in the laminate was assumed when a degradation of the
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Young’s modulus greater than one percent could be measured. Fiber angles of
±30, ±45 and ±60� have been tested. A negative effect of increasing fiber ori-
entation to the maximum bending strain has been found as reported in Table 31.1.
Consequently the layer stacking sequence for the outer layers of the skin has to
have an orientation in 0 (i.e. in circumferential direction) and ±45 and 90� layers
have to be arranged closer to the neutral surface of the laminate.

Measurements of the critical strain in a deformed smart leading edge profile
showed that the strain in the critical region of the leading edge tip in general stays
below the strains predicted by the FE analysis. Local strain peaks which are
predicted by the FE analysis due to the discrete character of the FE model in reality
have less impact on the maximum strain values than calculated.

31.3.2 Performance in Cruise Configuration

The evaluation of the performance in cruise flight configuration focuses mainly on
the accuracy of the profile contour under aerodynamic loading. For that purpose
aerodynamic loads are interpolated and conservatively scaled from CFD calcula-
tions performed by Kühn [9]. Because the clean configuration is the initial shape of
the leading edge structure, it is not pre-stressed in contrast to the drooped con-
figuration. Therefore the unstressed clean configuration with its lower stiffness is
much more susceptible to deformation under aerodynamic loading than the
deformed configuration.

Table 31.1 Results of cyclic
bending tests with HexPly913

Laminate Degradation of
e-modulus (%)

Maximum bending
strain eb (%)

HexPly 913—0�/90� 0.789 2.8
HexPly 913—0�/±60� 0.514 3.1
HexPly 913—0�/±45� 0.386 3.2
HexPly 913—0�/±30� 0.285 3.5
HexPly 913—0� 0.395 3.5

Fig. 31.5 Test setup for cyclic bending tests with HexPly 913
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The maximum deformation in cruise flight occurs at the lower leading edge tip in
the region with the minimum skin thickness of one millimetre where it measures
about 1.3 mm. In the remaining part of the structure the overall deformation is below
one millimetre which demonstrates sufficient stiffness of the system. For a more
detailed evaluation of the performance of the structure in clean configuration as well
as in high-lift configuration fluid–structure coupled calculations are necessary.

31.3.3 Estimation of the Actuation Torque

For the evaluation of the actuation torque necessary to hold the smart leading edge
in clean position and for the calculation of the additional torque for the subsequent
deformation of the structure the aerodynamic loads of the drooped configuration
are used. In the calculations the variation of the aerodynamic loads during the
deployment of the smart leading edge has not been considered.

The loads are applied as static loads in the first load step at zero degree droop
angle. The actuation angle is subsequently increasing to the maximum droop angle
of 20�. The results are presented in Fig. 31.6. The given values for the torque are
derived directly from the reaction moments in the finite element model without the
consideration of devices for an improved transmission of the moments.
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31.4 Summary and Conclusion

The developed design and sizing process is well suited for the development of the
chosen structural concept of a smart droop nose device. It comprises a flexible end-
to-end skin without gaps and steps including a kinematical mechanism in style of
an active rib for the downward deformation of the droop nose.

Large differences in the required curvature between the undeformed and the
deformed shape indicate a large local deformation of the structure and high strains in
the outer fiber due to bending. Due to limitations in the strength of the skin material
and manufacturing constraints in the skin thickness it is not possible to match the
given target shape completely by according to the design requirements. Therefore
the developed design and sizing process lead to the solution fitting the best. For an
effective design it is mandatory that the simulations of the structural deformation
include the kinematics. The resulting deviations from the cruise shape and the
drooped target shape are acceptable. By applying the cyclic 3-point bending tests the
capability of the structure to sustain the required strain levels could be demonstrated.
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Chapter 32
Experimental Investigation of an Active
Twist Model Rotor Blade Under
Centrifugal Loads

Peter Wierach, Johannes Riemenschneider, Steffen Opitz
and Frauke Hoffmann

Abstract Individual Blade Control (IBC) for helicopter rotors promises to be a
method to increase flight performance and to reduce vibration and noise. Quite a
few concepts to realize IBC Systems have been proposed so far. Some of them
have already been tested in wind tunnels or on real helicopters. A drawback of all
systems that include discrete mechanical components like hinges, levers or gears is
their vulnerability in a helicopter environment with high centrifugal loads and high
vibration levels. That’s why the idea of using smart materials that are directly
embedded in the rotor blade structure is very attractive for this application.
Operating as solid state actuators they can generate a twist deformation of the rotor
blade without any friction and wear. In the common DLR-ONERA project ‘‘Active
Twist Blade’’ (ATB), DLR designed and build a 1:2.5 mach scaled BO105 model
rotor blade incorporating state of the art Macro Fiber Composite (MFC) Actuators.
The design of the blade was optimized using a finite element code as well as rotor
dynamic simulations to predict the benefits with respect to vibrations, noise and
performance. Based on these tools a blade was designed that meets all mass and
stiffness constraints. The blade has been intensively tested within some bench- and
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centrifugal tests. The mechanical properties of the blade obtained within the bench
tests showed a good correlation between measured and calculated values.
The centrifugal test comprised a measurement of the active twist performance at
the nominal rotation speed of 1,043 RPM at different excitation frequencies from 2
up to 6/rev. It was proven, that also under centrifugal loads the predicted twist
amplitudes can be achieved.

Nomenclature
Symbols Variable (Unit)
a? speed of sound (m/s)
c blade chord (m)
Cn normal force coefficient (–)
CT thrust coefficient, CT = T/(qpR2(XR)2) (–)
F force (N)
M moment (Nm)
Mtip Mach number at the blade tip, Mtip= XR/a? (–)
Nb number of blades (–)
QCv vibration quality criterion (–)
QCn noise quality criterion (–)
R blade radius (m)
T thrust (N)
V? flight speed (m/s)
x, y, z coordinates (m)
as angle of attack of the rotor shaft (deg)
htw blade twist angle (deg)
ha,n control amplitude of active twist (deg)
l advance ratio, l = V?cosas/(XR) (–)
q air density (kg/m3)
r rotor solidity, r = Nbc/(pR) (–)
X rotor rotational speed (rad/s)
Wa,n control phase referred to the control input (deg)

Indices
a due to active control
n n-th harmonic
s rotor shaft
tip blade tip
tw twist
0 baseline, without active control
? properties of undisturbed flow
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32.1 Introduction

For helicopters in forward flight very complex flow conditions are apparent. The
superposition of the flight speed of the helicopter to the rotational speed of the
main rotor leads to asymmetric flow conditions between advancing and retreating
side. This asymmetry of the flow conditions in the rotor disk is growing with
increasing flight speed. At the advancing side the flow reaches transonic and
supercritical velocity regimes resulting in local shock waves which are a major
source of noise in high speed forward flight. In contrast, regions with flow sepa-
ration respectively stall occur at the retreating side. Since the flow on the rotor
blade strongly depends on rotor azimuth, flow separations as well as shock waves
are of high dynamic nature and therefore cause vibrations.

In low speed flight as well as descent flight, rotor noise and vibration are mainly
determined by blade vortex interactions (BVI). In contrast to fixed-wing aircrafts
for which tip vortices are moving downstream away from the wing, those created
by helicopters remain in the vicinity of the rotor for several revolutions. This
causes multiple blade vortex interactions when rotor blades encounter previously
generated tip vortices or pass them very close. Consequently, the velocity field
around the blades is changing and the altered angle of attack generates unsteady
airloads on the blades which originate noise and vibration.

A reduction of noise and vibration is most effective when the disturbing forces
are attenuated at their origin e.g. by an individual control of the blades. A promising
approach is the use of anisotropic piezoelectric strain actuators embedded in the
rotor blade structure, capable of generating a direct twist deformation of the rotor
blade. In comparison to approaches using flaps that generate an aerodynamic
moment to deform the blade, the complexity of the actuation system is rather low.
Since no moving parts are involved and there is no friction and wear. This is of
special importance in a helicopter environment with high centrifugal forces. The
same applies for the fact that no heavy mechanical components have to be installed
inside the blade causing high loads and can also lead to a weakening of the rotor
blade structure. In addition to that the active twist concept guarantees a very smooth
surface of the blade whereas flaps have rough edges and therefore producing
additional vortices and sources for noise and vibration.

32.2 State of the Art

The first active twist rotors using piezo-ceramic material to actuate the blade were
presented by Chen and Chopra from the University of Maryland. From 1993 to
1996 they built and hover tested a series of 1/8th Froude scaled model rotors.
The rotor blade skins incorporated piezoceramic plates using the transversal
piezoelectric d31-effect [1].
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In 1995 a team joining researchers from Boeing, Penn State University and MIT
started investigating in the field of active rotors. After proving the concept with a
1/16th Froude scale model rotor, they investigated the capability of active twist of
two 1/6th Mach scale rotors (Active Material Rotor AMR). Since at this moment it
was not sure whether the generation of structural twist or the twist generation via
flaps is favorable, the first phase of this project included the design, manufacturing
and testing of both design principles. At the beginning of the project the active
twist concept was rated as the high risk approach whereas the flap design was
considered to have low risk. This direct comparison by the same team of engineers
developing both concepts side-by-side pointed out many advantages of the active
twist concept. Actually the active twist concept turned out to be the low risk
approach. Because of the encouraging results the active twist concept was applied
to a modern planform and airfoil rotor blade. The active twist blades were actuated
by interdigitated piezo fiber composites integrated in the spar of the rotor blade [2].

In 1999 a joint venture from NASA, Army and MIT built and tested an active
twist rotor (ATR) with a structural design similar to the Boeing model rotor. This
rotor was conceived for the testing in heavy gas medium, in the NASA Langley
Transonic Dynamics Tunnel. This rotor is the only one which is wind tunnel tested
under forward flight conditions. The twist is generated via Active Fiber Composite
piezoelectric actuators embedded into the rotor blade spar [3–5].

In 2004 Boeing investigated the possibility of scaling the results of the Mach
scaled rotor to a full scale rotor blade. The main focus of this investigation was
laid on production and manufacturing approaches concerning the incorporation of
the piezoelectric actuators and a robust and reliable wiring to provide the neces-
sary power to the actuators. A 1.8 m CH-47D blade section with 24 layers of
active fiber composites embedded in the spar laminate was build and successfully
tested. It was shown that a full scale active twist blade with a meaningful actuation
capability and acceptable natural frequencies can be built within the weight limit
of a passive blade [6].

Motivated by these promising results and the potential benefits, the goal of this
work was the development and test of an active twist blade incorporating improved
actuation technology and alternative structural concepts to bring this technology a
further step forward. At this phase the test are limited to a verification of the
actuation system and the structural concepts under centrifugal loads. The intention
is to develop the necessary prerequisites for a successful wind tunnel campaign
with an active twist model rotor.

32.3 Design and Manufacturing of the Active Twist Blade

In the design phase of the blade, several parameter studies were carried out,
resulting in an optimal orientation for the ply lay-up of the skin as well as the
actuation direction [7]. This optimum considers the twist deflection that can be
achieved with respect to the torsional rigidity. The optimal configuration leads to a
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blade with an anisotropic skin. With regard to these findings a model rotor blade
was built. The main characteristics of this blade were taken from the well-known
BO 105 model rotor blade. The BO-105 blade features a C-Spar made of unidi-
rectional glass fiber, a glass fiber skin and a foam core (Fig. 32.1). The chord
length of 121 mm and the radius of 2 m are in agreement with the original model
rotor blade, whereas the profile was changed into a symmetrical NACA 0012,
which does not really change the blade from a structural point of view. Because at
this point no aerodynamic investigations were planned, it was not necessary to
realize an aerodynamic effective blade and the manufacturing effort was reduced
by building only one mold. For the same reason the blade was not pre-twisted.
The actuator orientation was chosen to be +40�, whereas the skin was made of
unidirectional glass fiber laminates with an orientation of -30� (inner skin). The
area surrounding the actuators was provided with additional unidirectional glass
fiber layers in a +40� direction in order to carry the loads of the actuators and to
decrease the change in stiffness in the transition region between skin and actuators.
The anisotropy of the skin allows the actuators to work in a relatively soft direction
(approximately perpendicular to the fibers in the inner skin), whereas the complete
blade still keeps its torsional stiffness by the shear stiffness perpendicular to the
actuators.

A special focus was laid on the selection and design of the piezoelectric
actuators. In all previous investigation (see Chap. 1) so called Active Fiber
Composite (AFC) Actuators were used [8]. In this assembly a large number of
PZT-fibers with typical diameters of 100–250 lm are aligned side-by side and are
usually embedded in an epoxy resin (Fig. 32.2a). To benefit from the higher
longitudinal effect (d33-effect) interdigitated electrodes (IDE-Electrodes) are used.
This design is realized with two interlaced comb like electrodes symmetrically
arranged on each side. With high voltages applied to the electrode fingers the
polarization of the PZT material is established to fit to the electrode structure.
An essential drawback of this concept is the very labor intensive manufacturing
process. Up to know it is primarily handwork to place the many single fibers close
to another. This causes quality problems, resulting in deviations of the actuator
characteristics. Since the fibers have a circular cross section the electrode contacts
the piezoelectric material only over a small area, leading to significant dielectric
losses.

An alternative manufacturing process uses cheap PZT-wafers that are cut into
ribbons (Fig. 32.2b). In this case the wafer is placed on a tacky film and cut using a

spar foam core skin

tabbalance weigth

Fig. 32.1 Cross section of the original BO105 model rotor
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wafer saw, typically used within the production of computer chips. With this
automated process the ribbons are aligned exactly in parallel. In the following
manufacturing steps the gaps between the ribbons are filled with resin and
polyimid films with etched IDE-electrodes are glued on the top and the bottom of
the assembly. Due to the rectangular cross section of the ribbons the connectivity
of the electrode to the piezoelectric material is considerably improved. This design
has been developed by NASA [9] and is called Macro Fiber Composite (MFC).

To provide a good coverage with active material and to realize the desired
actuation direction of 40�, special shaped MFC actuators were designed for the
active twist blade (Fig. 32.3). Due to their particular electrode design these types
of actuators have to be operated at relatively high voltages between -500 and
+1,500 V to provide a sufficient electrical field. A total of six actuators per skin
were implemented, resulting in a total active area of approx. 1,600 cm2.

The manufacturing process of the upper and lower blade skin started with the
placement of the MFC actuators into the mould followed by the glass fiber pre-
preg. Accordingly the strain gauge instrumentation and the complete wiring were
positioned onto the uncured prepreg. In the next step the lay-up was put in a
vacuum bag and cured in an autoclave at a temperature of 120�C and a pressure of
6 bars. Because actuation and instrumentation are entirely integrated into the rotor
blade skins, it was possible to keep the internal design similar to that of con-
ventional passive blades. The spar and the foam core were machined to the desired
shape using unidirectional glass fiber composite and foam blocks, respectively.
Balancing weights made of tungsten rods were added into the nose of the spar
using a cold setting epoxy. Finally the upper and lower skin, the spar and the foam
core were bonded together with an adhesive film and cured at 120�C (Fig. 32.4).
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32.4 Experimental Test Setup

The objective of the test was to demonstrate the performance of the actuation
system and the structural concept under centrifugal loads by showing that the
expected twist deformation can be achieved at the nominal rotation speed and
different actuation frequencies. For this purpose a test rig was installed at the DLR
rotor tower in Braunschweig (Fig. 32.5). The test rig is driven by a 30 kW DC
shunt-wound motor. A balancing weight is mounted on the opposite side to trim
the blade. The direction of rotation is clockwise. To reduce the mechanical
complexity the pitch links have been removed. Data transfer is realized by 24 slip
rings and an additional telemetry system with 12 channels for strain gauge mea-
surements (full bridge or half bridge) and 4 ICP channels for acceleration sensors.
Four special designed high voltage slip rings transfer the required electrical power
to the actuators in the blade. Depending of the excitation frequency the actuators
were driven with up to three power amplifiers with a peak to peak voltage of +/-
2,000 V and a maximum current of 400 mA. A camera, installed in the rotor
tower, allows a permanent monitoring of the experiment from the control room.

The Active Twist Blade was equipped with nine sets of strain gauges. Six sets
were implemented for measurement of torsion (one for each actuator) and three for
flapping. The locations of the strain gauges are shown in (Fig. 32.6). As described
before the strain gauges and the necessary wiring were embedded into the blade
skin during the manufacturing process. For each torsion measurement point, two
strain gauges were arranged on opposite sides of the upper and lower blade shell in
an angle of +/-45� to measure the torsional deformation of the blade. The indi-
vidual strain gauges were wired to a full bridge to compensate for any bending
deformation of the blade, so that only torsional deformations were measured. Since
it is not possible to directly measure the twist angle with strain gauges, two
additional acceleration sensors were mounted at the leading and trailing edge of
the blade tip respectively. As backup and to check the results of the strain gauge

Fig. 32.4 Top view of the active twist blade

Fig. 32.3 Special shaped MFC actuators; height 60.2 mm; width 222 mm
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and acceleration sensor measurements, a supplementary optical measurement
system was installed. The system consists of two LED’s attached at the leading-
and trailing edge of the rotor blade tip and a stationary high speed camera system.
By properly triggering the camera the twist movement of the blade can be visu-
alized by the two light dots of the LED’s. In comparison to a system that needs a
powerful stroboscope light, capable of sufficiently illuminate the blade tip, this
solution is much cheaper and also facilitates the analysis of the blade tip motion.
Because the LED’s appear as clearly distinguishable points, standard image pro-
cessing tools can be used to automatically determine the twist angle.

32.5 Experimental Results

Before the centrifugal test was conducted, the static properties of the Active Twist
Blade were measured within a simple lab test configuration. Table 32.1 compares
some of these results with the results of a finite element simulation and the

Fig. 32.5 Test rig

flapping

torsion

Acc. Sensors/ LEDs

Fig. 32.6 Sensor positions
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properties of the BO-105 reference rotor. There is a reasonable good correlation
between the measured and simulated stiffness parameters and the active perfor-
mance. In comparison with the reference rotor all parameters of the Active Twist
Blade stay within the tolerated limits.

For the centrifugal tests a comprehensive test matrix was derived starting with
the measurement of the static peak to peak twist displacement with increasing
rotation speed starting from 400 RPM up to the nominal rotation speed of 1043 RPM
(109 rad/s; 17.35 Hz) in steps of 100 RPM. All measurements were made using the
optical measurement system. The actuators were driven within a voltage range of
-500 to +1,300 V with a quasi-static excitation of 0.15 Hz. Though a maximum of
+1,500 V is allowed for the MFC actuators the actuation voltage was reduced to
1,300 V to avoid any electrical overload. In Fig. 32.7 the result of the measurement
with reduced actuation voltage are plotted as well as the linear interpolated twist
deflection with a maximum voltage of 2,000 Vpp (-500…+1,500 V).

For all rotation speeds the tip twist is in the order of 4� peak to peak with a
deviation of ±0.1�, which is due to the measurement accuracy. This measurement
confirms, that the actuation system is capable of generating sufficient twist under
centrifugal loads and that there is no performance decrease in comparison to the no
rotating case.

The validity of the assumption of a linear correlation between twist deflection
and actuation voltage is supported with the measurements plotted in Fig. 32.8. For
different voltages the twist was measured at a rotation speed of 1,043 RPM and an
excitation frequency of 69.5 Hz. Due to the material inherent nonlinearity of the
piezoelectric actuators this assumption can only be an approximation but is rea-
sonable for this case.

Table 32.1 Comparison of measured and calculated data of the AT1-blade

Parameter Experiment Simulation Ref. (BO 105)

Flap bending stiffness 196 Nm2 207 Nm2 250 Nm2

Torsional stiffness 194 Nm2 189 Nm2 160 Nm2

Twist rate (DU = -500..+1,500) 2.87�/m 2.7�/m –
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The next test comprised a measurement of the tip twist at different excitation
frequencies from 2/rev (34.8 Hz) to 6/rev (104.3 Hz). All measurements were
done at the nominal rotation speed of 1,043 RPM using the optical measurement
system. The results are shown in Fig. 32.9. The actuators were again only driven
with a limited voltage of 1,800 Vpp. At a frequency of 2/rev the tip twist is equal to
the quasi static twist. Because of resonance effects in the vicinity of the first
torsional eigenfrequency the amplitude at 3 and 4/rev is even higher ([6�). A look
at the rotor diagram (Fig. 32.10) for the first and second torsional eigenmodes
explains why the measurement at 4/rev was only done with a much reduced
voltage of 700 Vpp. Unfortunately the first torsional eigenmode is very close to 4/
rev. Therefore the voltage was reduced to avoid any catastrophic resonance effects.

For the determination of the torsional eigenfrequencies only the upper and
lower MFC actuators next to the blade root were excited with a low voltage
sinusoidal sweep ranging from 0 to 400 Hz. Here the signals were acquired from
strain gauges and acceleration sensors.

The reduced twist performance at 5 and 6/rev is mainly caused by the influence
of second mode shape. In this case there is no steady increase of the twist
deflection along the span width, and the actuators on both sides of the vibration
node are operating counterproductive. To compensate for this problem an indi-
vidual control of the MFC actuators along the span width was realized and
investigated. In Fig. 32.11 the results of a measurement at 1,043 RPM, at an
excitation frequency of 6/rev using a different number of activated actuator seg-
ments are plotted. The maximum twist deflection is achieved when only actuator
segment three to six are activated. This indicates that there is a vibration node
between segment three and two what is confirmed by strain gauge measurements.
Ongoing activities are dealing with the development of optimized control laws to
improve the twist deflection of the blade above the first torsional eigenfrequency.
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32.6 Rotor Simulation

In addition to the structural design and testing of the active twist blade also an
aeromechanical rotor simulation was run to evaluate the potential of the blade
concerning noise and vibration reduction in forward flight. For an analysis of the
rotor behavior regarding to noise, a descent flight was chosen as a typical flight
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condition where very intensive BVI noise is radiated from the rotor. As described
above, intensive vibrations are dominating in high speed forward flight. Thus, a
high speed forward flight was chosen to examine the rotor characteristics con-
cerning vibration. Table 32.2 summarizes the definitions for the noise and vibra-
tion flight case.

Rotor simulations were performed employing the aeromechanical simulation
code S4. Within S4, aerodynamics are considered as unsteady. For the computa-
tion of the induced velocities, a prescribed wake model is included [10]. The wake
model is taking into account additional deformation of the rotor wake due to
higher harmonic lift components [11] where double vortex systems, which arise
when the blade tip generates download, are implemented. Blade dynamics are
represented by the Eigenmodes of the blade in flapping, lagging and torsion.

The model rotor is based on a BO105 rotor blade with the rotor specifications as
given in Table 32.3. To be as close to reality as possible, the rotor data defined
from the structural design process have been replaced by experimental data where
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blade at 6/rev (104.3 Hz) and
1,043 RPM. a Noise quality
criterion, wa,n = 1.0�. b
Vibration quality criterion,
wa,n=0.5�

Table 32.2 Definition of
flight cases for the analysis of
the noise and vibration rotor
characteristics

Parameter Descent flight High speed forward flight

l 0.151 0.319
ash/deg 4.4 -8.8
CT/r 0.056 0.067
Mtip 0.64 0.63

Table 32.3 Rotor data of
the AT2

Parameter Definition

Airfoil NACA23012
c 0.121 m
Nb 4
R 2 m
Scale factor 2.5
htw -8�
r 0.077
X 109.27 rad/s
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available. Thus, the model rotor is specified from a semi-empirical data set. The
active twist area extends from a radial position of 0.275 upto 0.96 R. The maxi-
mum control amplitude at the blade tip is used as input within the simulation
program. As a simplification, the control amplitude is prescribed to rise linear from
the initial radius up to the outer radial position of the active blade area indepen-
dently of the control frequency.

32.7 Noise and Vibration Benefits

To obtain a general idea of the rotor behavior towards different active twist control
inputs, frequency sweeps as well as phase sweeps were performed. Based on a
cosine signal, control frequencies of 2–5 integer multiples of the rotor rotational
frequency (1/rev) were applied, varying the control phase by increments of 30�
from Wa,n = 0–360� (Fig. 32.12).

For the investigation of the noise characteristics, a control amplitude of
ha,n = 1� was applied. From an analysis of the high-frequency components of the
lift coefficients, a noise quality criterion has been calculated by S4. QCn is com-
puted as the sum of the qCnM2/qW gradients in rotor areas where parallel BVI
occurs since parallel BVI extends over a large radial area of the blade and thus
originates intensive BVI noise. Those BVI areas are located between W = 20–
100� at the advancing side and W = 270–330� at the retreating side. The noise
criterion is weighted azimuthally taking into account the degree of BVI parallel-
ism. Additionally, QCn is weighted radially to consider the influence of the
increasing Mach number going up to the blade tip. To obtain an overall criterion,
the noise criterions for advancing and retreating side are accumulated.

Figure 32.12a illustrates the noise quality criterion QCn referred to the quality
criterion of the baseline case without active control QCn,0. A 3 and 4/rev control
frequency seem to be most efficient regarding to noise reductions. Minimum
quality criteria are identified for control phases of wa,3 = 150�/180� respectively
wa,4 = 240�. It is noteworthy, that for all of the applied control frequencies,
control phases with reduced QCn compared to the baseline case could be detected.

For a study of the vibration behaviour of the rotor, a rather low control
amplitude of ha,n = 0.5� has been introduced for taking into account the high
sensitivity of rotor vibration towards active control. Rotor vibration is evaluated
via the quality criterion QCv which is computed by S4 (analogue to the calculation
of a quality criterion for noise). The criterion is determined from the 4/rev force
and moment components in the non-rotating frame since these components rep-
resent the source for vibration excitation of the helicopter airframe (1).

QCv ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

x;4=rev þ F2
y;4=rev þ F2

z;4=rev

N
þ

M2
x;4=rev þM2

y;4=rev

Nm

s
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In high speed forward flight, control frequencies of 2–4/rev affect the vibration
criteria such that for several control phases, the criteria can be reduced below the
baseline value (Fig. 32.12b). The minimum noise criterion can be found for a 3/rev
control with a control phase of wa,3 = 150�. Further improvements in noise and
vibration reduction are expected from an operation of optimized control laws.

Based on Fig. 32.13, the physical background of the impact of active control on
rotor noise can be discussed. The illustration shows the high-pass filtered lift
distribution over the rotor disk without and with an active twist control
(ha,3 = 3.0�). Since BVI are events of high-frequency and alter the pressure and
lift distribution on the blade, strong fluctuations of the normal force coefficient
CnM2 indicate the appearance of BVI.

As explained before, in descent flight noise mainly is emerged from those rotor
areas where parallel BVI takes place. For the baseline case without active control,
large areas of blade parallel BVI can be identified in Fig. 32.13a for both,
advancing and retreating side. By introducing an active twist control, the number
and extension of parallel BVI areas is decreased at both sides of the rotor disk
(Fig. 32.13b). It can be seen that for the advancing side, BVI areas are moved
more inboard. Because of the lower Mach number at inner radial positions, the
generated BVI is less intensive.

(a)

(b)

Fig. 32.12 Phase sweeps
from 0 to 360� for 2–5/rev
control frequencies. a Noise
quality criterion, ha,n = 1.0.
b Vibration quality criterion,
ha,n = 0.5�
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A more detailed analysis of the impact of different control amplitudes, phases
and frequencies on the vibration characteristics of the rotor is given in Fig. 32.14.
Here, the cosine and sine response of the 4/rev force and moment components in
the non-rotating system from which the vibration quality criterion QCv is derived,
are plotted. The responses are shown for a 3/rev control frequency that provided
best results in vibration reduction for the phase sweeps shown in Fig. 32.12b.
Control amplitudes of ha,3 = 0.5–2.0� are considered for this analysis. The base-
line 4/rev forces and moments are illustrated by filled circles and marked as ‘BL’.
Filled symbols define the wa,3 = 0� control phase with the direction of increasing
phase denoted by an arrow. For all of the 4/rev force and moment components,
beneficial control authority is gained. Already low amplitudes between approxi-
mately ha,3 = 0.5–1.0� offer the opportunity to eliminate the 4/rev components. It
is noteworthy, that for the lateral 4/rev force Fy hardly a reduction of the com-
ponent is required. The sine as well as the cosine response of Fy are located near to
the point of origin (Fig. 32.14b) which means that the force component already is
close to zero for the baseline case. Optimum control phases of approximately
wa,3 = 120� are in good agreement between the longitudinal 4/rev force Fx and the
roll moment My. In contrast, for the vertical 4/rev force Fz as well as the pitch
moment Mx best results are obtained employing a control phase of approximately
wa,3 = 180�. Additionally, the influence of further increased control amplitudes up
to ha,3 = 2.0� is demonstrated. It can be seen that improper control amplitudes
generate more vibration than the baseline case itself.

(a)

(b)

Fig. 32.13 12/rev high-pass-
filtered CnM2; circles
indicate locations of BVI. a
BL. b 3/rev control,
wa,3 = 180�, ha,3 = 3.0�
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(a) (b)

(c)

(e)

(d)

Fig. 32.14 Force and moment response in the non-rotating frame for a 3/rev control input. a
Longitudinal force. b Lateral force. c Vertical force. d Roll moment. e Pitch moment
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Chapter 33
Noise and Vibration Reduction
with Hybrid Electronic Networks
and Piezoelectric Transducers

Martin Pohl and Martin Wiedemann

Abstract Vibrations are problems encountered at almost every technical
application when there are moving parts or fluids included. Upon the need for
lightweight structures, especially in aerospace applications or electric mobility,
conventional damping concepts are insufficient because of their extra-weight and
low performance at low frequencies. Measures for active noise and vibration
reduction have the potential to solve the drawbacks of passive systems. However,
a limitation of these concepts arises from the need for complex system models for
deriving the controllers. This leads to another possibility to reduce vibrations
consisting of piezoelectric transducers attached to the structure and connected to
hybrid electric networks. Within this paper, the basic principles of shunt damping,
two hybrid electric networks circuits for shunted damping and the experimental
validation of a damped system will be shown. Finally—as a challenging
example—a circular saw blade is equipped with piezoelectric transducers and
negative capacitance hybrid electric networks to reduce the vibration and noise
amplitude excited by the cutting process.

33.1 Piezoelectric Shunt Damping

‘‘Piezoelectric shunt damping’’ subsumes all concepts, where an oscillating
structure is damped with attached piezoelectric actuators connected to hybrid
electric networks. The basic principle can be seen in Fig. 33.1. Hybrid electronic
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networks may represent any circuit consisting of different active and passive
component. In most cases, this reduces to impedances consisting of capacitive,
inductive and resistive parts. Then these networks are called shunt networks.
According to the use of active and passive components, shunt networks can be
divided into ‘‘passive’’ networks when there is no need for external electric energy
or into ‘‘active’’ ones if external electric energy is required. In contradiction to
active vibration control, no separate sensors, controllers or actuator amplifiers are
needed. The electrical network incorporates all of these components and is called
‘‘semi-active’’ for this reason.

Shunt damping combines an oscillating structure with electric networks and
piezoelectric actuators. The effect of damping is realized by an impedance
matching between the structural and the electrical dynamics with the piezoelectric
transducer as coupling element.

In the easiest way, this can be a simple resistor dissipating the electric charge
created on the actuator by vibration energy. Because of the low effect this is an
impractical solution. If an inductor is added to the resistor [1], as shown in
Fig. 33.2 on the left, it is possible to tune this circuit to one structural eigenfre-
quency. Then, also an electrical resonance occurs which enlarges the energy
transportation via the piezoelectric transducer and by this the damping of the
vibration amplitude. In this case, there are two coupled resonant systems. This so-
called resistive–capacitive–inductive (RCL) absorber can be compared to a
mechanical tuned mass–damper–spring vibration absorber. The eigenfrequency
and damping of the electrical system have to be fitted to the characteristics of the
mechanical system.

This system can only be used for one single eigenfrequency. For damping more
than one eigenfrequency, multiple mode RCL networks can be designed with
filtered branches for every mode [2–4]. A common disadvantage of all passive
RCL networks lies in the fixed parameters, which does not allow an adaptation to
changing eigenfrequencies. For rotating structures as for example a saw blade, the
centrifugal acceleration alters the eigenfrequencies, so that adaptive damping
concepts are prerequisite.

A solution can be found in adaptive RL absorbers with tunable active inductors
[5–7]. In this case synthetic inductors are used and tuned by external circuitry.

The effect of the electrical networks is based on an impedance matching
between mechanical and electrical system. If the reactance of the actuator’s
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capacitance is compensated by the reactance of the inductor in the RL absorber,
maximum energy dissipation is possible. Due to the frequency dependence of both
reactances this is only valid at a single frequency.

If it is possible to compensate the capacitive reactance of the actuator over a
wider frequency range, damping would also be possible. In fact, a negative
capacitance fulfills this requirement. A circuit with a negative impedance
converter can be seen in Fig. 33.2 on the right.

It has the same reactive behavior over the frequency as the actuator’s capacitance,
but with opposite sign. Therefore, it is able to compensate its reactance. Figure 33.3
shows the impedance curves of a negative capacitance compared to a RL absorber
tuned to a frequency of 100 Hz. The impedance of the negative capacitance does not
show remarkable changes in amplitude and phase over the shown frequency range.
In [8] a clamped beam is equipped with a negative capacitance network for vibration
damping. An effect for multiple modes with a single network could be demonstrated.
This makes this concept feasible for the use on structures with varying, rotation
speed dependent eigenfrequencies like a circular saw blade. Also modern

Tj

Tj

Vj

Ij

R1

L1sj

+

-

Tj

Tjsj

-

+

R1
R2

R3 C1

Fig. 33.2 Resistive–inductive and negative capacitance network
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lightweight fiber composites with high sensitivity for structural vibration and noise
emissions are able to be damped with shunt networks.

33.2 Design of Autonomous Saw Head Tool

Basic intention in the design of the saw tool is the usability without any change at
the machine tool. This means that the saw head itself must contain all required
components including power supply and electronic hardware. This is an extreme
example for function integration, although not yet done within a composite
structure. To include all the needed components a modified design of a commercial
saw head tool is required. In [9] the basic concept of such a saw head is explained.
A generator, derived from a permanently excited synchronous brushless motor,
which also carries the circuit board (PCB) with the electric networks, is used for
power supply. By this a rotating electrical connection between the rotating system
and the saw head can be avoided. The whole set up of the tool is shown in
Fig. 33.4.

The test blade consists of a commercially available 300 mm diameter circular
saw blade with 96 teeth at its circumference. The actuators are applied on the
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Complete saw tool

Generator rotor
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with electronics

Fig. 33.4 Adaptive circular saw head
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surface of the saw blade by attaching them with an epoxy based resin. For an
optimum damping efficiency 24 actuators are placed on the saw blade, 12 sectors
with two actuators each. Every actuator is connected to a separate semi-active
shunt network to avoid charge flow between different actuators due to opposite
strain signs which would lower damping performance. With a simulation based on
the modal data of the saw blade the diameter of the separation between the two
actuator rows was determined [9].

33.3 Experimental Validation

For experimental validation sound and vibration amplitude measurements are used
with a rotating and a non-rotating saw blade. Sound measurements are done
according to DIN EN ISO 3744 with six microphones. For vibration measurement,
a laser vibrometer and an accelerometer are used. In rotation the laser beam is self-
tracked to the measurement location to obtain vibration velocity data as described
in [6].

33.3.1 Results in the Non-Rotating System

For determining the effectiveness of the negative capacitance shunt network
vibration tests were done in the non-rotating system with a laser scanning
vibrometer. It could be shown that, depending on the mode shape and eigenfre-
quency, reductions of up to 20 dB in vibration amplitude can be achieved as
shown in the mean vibration spectrum in Fig. 33.5. Damping is effective to more
than 5 kHz without the need for tuning of the electrical network.
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It can be seen that damping ratio decreases with rising frequency. This arises
from the fact that higher frequencies have lower wavelengths. By that, node lines
and strains with opposite sign within the area of an actuator occur. Charge
equalization within the actuator lowers the output signal and damping perfor-
mance. More detailed explanations can be found in [9] and [10].

33.3.2 Results in the Rotating System

Upon the good vibration attenuation in the non rotating system the adaptive saw
blade was also investigated in rotation. Tests were performed while free-running
as well as while cutting gaps into medium dense fiberboard (MDF) panels.

In rotation the amplitude reduction is lower compared to the results in the non
rotating system. In Fig. 33.6 an exemplary acceleration spectrum of the adaptive
saw blade is shown. In this case, the excitation arises from cutting a 13 mm deep
gap into a MDF panel. Amplitude reductions of up to 5 dB in the eigenfrequencies
could be demonstrated. The overall vibration amplitude reduction within a
frequency band of 0–4.5 kHz was determined to about 1.6 dB.

In the rotating system two differences are present compared to the non-rotating
blade. First, a dynamic stiffening of the blade occurs, which raises the eigenfre-
quency of the vibration modes. Due to the low frequency dependence of the
damping effect of negative capacitance networks this can be ignored. Second, an
additional excitation influences the blade at the relatively low rotation frequency
leading to higher harmonic signals. Due to the higher voltage requirements of a
negative capacitance shunt in low frequency vibration the electric devices are
vulnerable to saturation of the output. This reduces the tolerable adjustment of the
hybrid network and by this the effectiveness.
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Results of the sound measurement are comparable to the results of vibration
measurement. Maximum amplitude reduction of sound pressure takes place in the
eigenfrequencies with a maximum value of approx. 8 dB. The reduction of sound
pressure in 1 m distance from the saw blade was measured to about 1.19 dB within
a frequency range of 0–4.5 kHz. An exemplary sound pressure spectrum is shown
in Fig. 33.7.

A reason for the low broadband effect lies in the measurement of multiple
sound sources. When the saw blade is interacting with the workpiece, sound is
emitted not only by the blade itself, but also by the driver, gears, by the contact of
the teeth with the workpiece and in the end by the workpiece itself. From these
multiple sources only the noise from the blade itself can be addressed by the
piezoelectric actuators. This takes place at the eigenfrequencies of the saw blade
and can clearly be seen in the spectrum of Fig. 33.7.

33.4 Conclusion

A vibration damping system based on piezoelectric actuators and negative
capacitance networks has been developed and tested on a circular saw blade.
Experimental investigations showed a remarkable reduction of vibration amplitude
in the non rotating system of up to 20 dB. In the rotating system noise reduction
with up to 8 dB in sound pressure and vibration amplitude reduction in the ei-
genfrequencies up to 5 dB could be demonstrated. Thus, the approach of hybrid
electronic network shows to be promising for noise and vibration reduction in
various applications.

Acknowledgments This project was funded by German Research Foundation (DFG) within the
Priority Program SPP1156 ‘‘Adaptronics for Machine Tools’’.

0 500 1000 1500 2000 2500 3000 3500 4000 4500
50

55

60

65

70

75
Sound pressure level 6mm gap

Frequency [Hz]

S
ou

nd
 p

re
ss

ur
e 

le
ve

l [
dB

]
PZT open
PZT neg Cap

Fig. 33.7 Adaptive saw blade with and without negative capacitance shunt

33 Noise and Vibration Reduction with Hybrid Electronic Networks 415



References

1. Hagood, N.W., von Flotow, A.H.: Damping of structural vibrations with piezoelectric
materials and passive electrical networks. J. Sound Vib. 146(2), 243–268 (1991)

2. Hollkamp, J.J.: Multimodal passive vibration suppression with piezoelectric materials and
resonant shunts. J. Intell. Mater. Syst. Struct. 5, 49 (1994)

3. Wu, S.Y.: Method for multiple mode piezoelectric shunting with single PZT transducer for
vibration control. J. Intell. Mater. Syst. Struct. 9, 991 (1998)

4. Behrens, S., Moheimani, S.O.R., Fleming, A.J.: Multiple mode current flowing passive
piezoelectric shunt controller. J. Sound Vib. 266, 929–942 (2003)

5. Hollkamp, J.J., Starchville, T.F.: A self-tuning piezoelectric vibration absorber. J. Intell.
Mater. Syst. Struct. 5, 559 (1994)

6. Pohl, M.: Noise and Vibration Attenuation of a Circular Saw Blade with Applied
Piezoceramic Patches and Negative Capacitance Shunt Networks, pp. 411–424. ISMA
Leuven, Belgium (2010)

7. Torrez-Torres, J., Zornemann, M., Rose, M.: Damping of structural vibrations on a circular
saw-blade dummy using an adaptive hybrid electromechanical network with piezoelectric
devices, Adaptronic Congress, Göttingen, 2007

8. Park, C.H., Park, H.C.: Multiple-mode structural vibration control using negative capacitance
shunt damping. KSME Int. J. 17(11), 1650–1658 (2003)

9. Pohl, M., Rose, M.: Vibration and noise reduction of a circular saw blade with applied
piezoceramic patches and semi-active shunt networks, pp. 85–91. Proceedings Adaptronic
Congress, Berlin (2009)

10. Pohl, M., Rose, M., Breitbach, E.: Lärm- und Schwingungsreduktion eines Kreissägeblattes
mit flächigen Piezokeramiken und hybriden elektrischen Netzwerken, Shaker (2010)

416 M. Pohl and M. Wiedemann



Chapter 34
Reduction of Turbulent Boundary Layer
Noise with Actively Controlled Carbon
Fiber Reinforced Plastic Panels

Stephan Algermissen, Malte Misol and Oliver Unruh

Abstract The turbulent boundary layer (TBL) is one of the dominant external
noise sources in high subsonic aircrafts. Especially in modern aircrafts where
common materials for fuselages are currently substituted by carbon-fiber-rein-
forced-plastics (CFRP), it is essential to avoid a decrease of passenger comfort as a
result of an inferior transmission loss of the new materials. To increase the
transmission loss of CFRP panels they are equipped with active noise reduction
systems. In this paper the results of an experimental study in the aeroacoustic wind
tunnel of the German Aerospace Center (DLR) are presented. An active panel
excited by a TBL is tested at flow speeds up to Mach 0.16. The CFRP panel
(500 9 800 9 2.7 mm3) is equipped with five piezo-ceramic patch actuators and
ten accelerometers. Active structural acoustic control (ASAC) and active vibration
control (AVC) are used to reduce the broadband TBL noise transmission in the
bandwidth from 1 to 500 Hz. Feedforward (FF) and feedback (FB) control algo-
rithms are applied in the experiments and show high performance even in presence
of plant uncertainties. To improve control results the generalized plant framework
of robust control is utilized for global feedback control. Finally, an overview of the
achieved results is given.
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34.1 State of Technology

The reduction of turbulent boundary layer (TBL) induced noise in modern aircrafts
has been studied for many years. In contrast to propeller noise, TBL noise is
typically broadband [1]. Moreover, pressure fluctuations in the turbulent boundary
layer have small correlation lengths [2]. Common feed-forward techniques cannot
be applied, due to lack of reference signals with adequate correlation. Therefore,
mostly feedback controllers and their application were focused in the past.

Only few studies of the reduction of TBL induced noise led to practical
implementations and experiments. Gibbs and Cabell [3] studied active control
techniques on a TBL excited aircraft sidewall consisting of multiple aluminum
panels. Local and global control concepts were tested in wind tunnel experiments
with wind speeds of Mach 0.125. A maximum narrow-band reduction of the
radiated sound power of -7.5 dB could be achieved. Nevertheless, most results of
TBL induced noise reduction base on simulations of the entire system. This
includes the work of Schiller and Fuller [4], Rohlfing and Gardonio [5], Thomas
and Nelson [6] and Maury et al. [7].

In this paper experiments with a CFRP panel are presented. By means of feed-
forward (FF) and feedback (FB) control strategies the TBL induced radiated sound is
reduced. Experiments were carried out in the aeroacoustic wind tunnel of DLR in
Braunschweig with a maximum wind speed of Mach 0.16. Measurements with a
laser-scanning vibrometer (LSV) prove the performance of the different concepts.

34.2 Active Panel

In order to derive a lightweight-compliant solution for improved low-frequency
transmission loss of modern fuselage structures, a passive panel is equipped with
appropriate sensors, actuators and control. The CFRP panel is quasi-isotropic, has
a clearance of 500 9 800 mm2 and thickness of 2.7 mm. Figure 34.1 shows the
panel during the fabrication process. An aluminum frame for fast mounting is
bonded to the panel. When mounted in the test section, the actuator side of the
panel will radiate sound into the anechoic chamber of the wind tunnel.

For control actuating and sensing the panel is equipped with five DuraAct�

P-876.A15 piezo patch actuators (Dim: 61 9 35 9 0.8 mm3) and ten PCB�

352A24 accelerometers. The actuators were bonded in vacuum to ensure excellent
strain transmission. Actuator’s maximum voltage is 1000 V.

34.3 Actuator Placement

Optimized positions of the actuators are derived based on an estimation of radiated
sound power in open- (deactivated) and closed-loop (activated optimal FF control).
The optimization routines are implemented in a so-called ASAC pre-design tool
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[8] which simulates the complete sound-transmission process. It makes use of a
synthetic turbulence model [9, 10], a modal model of the smart structure and a
model of the vibro-acoustic coupling based on spatially discretized sound radiation
resistance and normal surface velocities. The sensor positions are chosen for good
observability of all eigenfrequencies in the control bandwidth.

34.4 System Identification

An accurate description of the controlled plant, from actuators to sensors, must be
available for a good control performance. Models from finite element calculations
lack precise description of vibration behavior due to inaccurate parameters.
Especially phase response is characterized poorly. Therefore, models for control
synthesis are generated by experimental system identification using experimental
data. Here, multi-reference excitation is applied for system identification: The five
piezo patch actuators excite the panel structure with uncorrelated random noise
simultaneously and accelerometers record the structural responses. Measurement
takes 16.4 s only. From these 15 time signals a subspace based identification
algorithm [11] generates a discrete state-space model of the controlled plant.
A maximum number of 90 states ensure a good accuracy of the model. The
bandwidth of the system identification and control is set to 500 Hz.

For global vibration control of the panel, it is necessary to observe normal
velocities at certain points at the panel’s surface, to include these point velocities
as additional outputs into the model of the controlled plant and to generate a so-

Fig. 34.1 Application of piezo-actuators in vacuum (left) and smart CFRP panel equipped with
actuators and sensors in optimized positions (right)
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called extended plant. The point coordinates are defined by a measuring grid of
13 9 20 points with a spacing of 40 mm. The grid is projected onto the panel and
a high reflective dot is placed at each point location. For system identification, a
laser scanning vibrometer measures the point velocities while the panel is excited
by a single actuator. Five measuring cycles are necessary to determine the FRF-
matrix H(jxk) from all actuators to all scan points. System identification with fixed
A and B matrices of the controlled plant generates new Cv and Dv matrices for the
extended plant Gext:

xðk þ 1Þ ¼ A xðkÞ þ B uðkÞ
yvðkÞ
yðkÞ

� �
¼

Cv

C

� �
xðkÞ þ

Dv

D

� �
uðkÞ

ð34:1Þ

where the input- and state vectors are u and x, and the velocity- and acceleration
outputs yv and y. By means of this so-called extended plant it is possible to
generate an observer for all point velocities.

34.5 Control Concepts

In the experiments, both FB- and FF-control concepts where applied. For FB
control a robust H? controller was chosen whereas the FF control uses a filtered-x
least mean square (FxLMS) algorithm for the adaptation of the finite impulse
response (FIR) filters.

In H? control the objectives have to be formulated in terms of so-called
weighting schemes. For realization of the control concept, the weighting scheme in
Fig. 34.2 was selected. Four weighting functions W formulate the constraints for
the controller synthesis. Their calculation is automated and depends only on two
parameters concerning disturbance rejection and control energy limitation [12, 13].
A control synthesis algorithm optimizes the controller such that the H? norm of
the transfer function Tzw from disturbance input w to performance output z is less
than a specified value c. The transfer matrix of the entire system in Fig. 34.2 reads:

Fig. 34.2 Weighting scheme for FB-controller synthesis
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zp

zu

� �
¼ WSGpG12RSWRSr WSGpðG11 �G12RSG21ÞWSGd

WRSuRSWRSr �WRSuRSG21WSGd

� �
wr

wd

� �
ð34:2Þ

With plant extended plant Gext and sensitivity S:

p
v

� �
¼ Gext

d
u

� �
¼ G11 G12

G21 G22

� �
d
u

� �
and S ¼ EþG22R½ ��1

The transfer function (G11 - G12RSG21) corresponds to the disturbance
transfer function, whose H? norm has to be small compared to that of the plant to
gain good disturbance rejection.

The FF-control scheme does not permit the formulation of an independent
performance output. Furthermore the FF-control requires the real-time acquisition
of reference signals which are highly correlated with the disturbance sources.

Figure 34.3 shows the block diagram of a FF-controller with J reference,
H control and M sensor signals.

The time-domain formulation of an optimal and causal FF-controller with FIR-
filters of length L is given in Eqs. (34.3)–(34.5). The theoretical background and
further details can be found in [14, 15]. The performance metricnðkÞfor the opti-
mization of the filter weights is chosen as the expectation E½��of the dot product of
the error signal vector e(k).

nðkÞ ¼ E eTðkÞeðkÞ
� �

¼ E rðkÞ � X̂ðkÞwðkÞ
� �T

rðkÞ � X̂ðkÞwðkÞ
� �h i

¼ E rTðkÞrðkÞ
� �

� E rTðkÞX̂ðkÞwðkÞ
� �

� E wTðkÞX̂TðkÞrðkÞ
h i

þ E wTðkÞX̂TðkÞX̂ðkÞwðkÞ
h i

ð34:3Þ

The matrix of filtered reference signals X̂ðkÞ and the FIR-filter coefficient vector
w(k) are defined as:

X̂ðkÞ ¼
x̂T

1 ðkÞ x̂T
1 ðk � 1Þ . . . x̂T

1 ðk � Lþ 1Þ
..
. . .

. ..
.

x̂T
MðkÞ x̂T

Mðk � 1Þ � � � x̂T
Mðk � Lþ 1Þ

2

64

3

75 2 R
ðM;HJLÞ ð34:4Þ

wðkÞ ¼ w11ðkÞ w12ðkÞ . . . w1JðkÞ w21ðkÞ � � � wHJðkÞ½ � 2 R
HJL ð34:5Þ

Because of the low spatial coherence of the flow-induced structural vibration, a
multiple reference FF-control scheme with five structural reference sensors was

Fig. 34.3 Block diagram of a multiple reference FF-controller
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implemented. The strong actuator feedback to the reference sensors required the
integration of a feedback-compensation filter which was implemented using the
identified state-space model. Due to the lack of coherent disturbance source
information, the use of pressure based reference signals was infeasible. Therefore,
no time-advanced disturbance data where available and the causality constraints
limited the performance of the FF-controller to the structural resonances.

34.6 Experiments

The aeroacoustic wind tunnel of DLR Braunschweig has an open test section. The
nozzle has a cross-section of 1.2 9 0.8 m2 and the maximum wind speed is 60 m/s
or Mach 0.17. The test section is enclosed by an anechoic chamber to enable
acoustic measurements. For realization of TBL experiments, a closed test section
has been designed and built. In Fig. 34.4 the construction design and a picture of
the realization can be seen. The test section is a rectangular channel that is placed
right behind the nozzle. For vibration decoupling, the test section is mounted on
shock absorbers. The CFRP panel is placed in a side wall of the test section. The
thickness of the turbulent boundary layer is steadily growing in the closed test
section to app. 41 mm at Mach 0.17 until it reaches the panel.

The vibro-acoustic experiments where performed in the acoustic wind tunnel
with a flow velocity of Mach 0.16. The acquisition of normal surface velocity data
of the CFRP panel by means of a LSV provided the database for the evaluation of
structural vibration and active sound power in open- and closed-loop.

Active sound power was calculated by filtering the measured normal surface
velocity through an analytically derived radiation resistance matrix (radiation filter).

To assure the correctness of this approach, a validation against sound pressure
level (SPL)-based methods was performed in the absence of background noise.
In this case, the structural excitation was realized using a shaker mounted at the
backside of the plate. The deviations in calculated active sound power relative to the
sound intensity probe data were less then 3 dB. This was considered as an argument

Fig. 34.4 Closed test section in the aeroacoustic wind tunnel: construction design (left);
realization (right)
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for the correctness of the implemented radiation filter. Figure 34.5 shows the effect of
FF- and FB-control on the structural vibration of the CFRP panel. The left part of
Fig. 34.5 depicts the results of adaptive FF-control using a single- (srFxLMS) and a
multiple-reference (mrFxLMS) filtered-x least mean squares (FxLMS)––algorithm.
The superior control performance of the mrFxLMS is achieved at the expense of a
significantly higher computational complexity. According to Eq. (34.5), the
implemented FF-controller with five references (J = 5), five actuators (H = 5) and
100 FIR-filter coefficients (L = 100) requires a total number of 2500 filter taps. The
right part of Fig. 34.5 shows the results of local (accelerometer grid) and global
(70 points of LSV-grid) FB-control. The control performance is comparable to the
mrFxLMS with slight degradations at frequencies around the anti-resonances.
Design flexibility, robustness and numerical efficiency (only 100–200 states) of the
FB-controller are advantageous compared to the FF-controller.

Figure 34.6 shows the influence of active control on sound power radiation of
the smart CFRP panel. The mrFxLMS achieved a total sound power reduction of

Fig. 34.5 Summed auto spectra of 260 LSV-scan points with single- and multiple-reference
adaptive FF-control (left) and with local and global robust FB-control (right)

Fig. 34.6 Relative sound power reductions with single- and multiple-reference adaptive FF-
control (left) and with local and global robust FB-control (right)
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2.88 dB within the control bandwidth from 1 to 500 Hz. Narrowband sound power
level reductions of more than 10 dB were achieved at some controllable structural
resonances. The limited control authority around the efficiently radiating funda-
mental structural mode prevented the achievement of a higher total sound power
reduction.

34.7 Achieved Results

A flat and non-stiffened CFRP panel of size 500 9 800 9 2.7 mm3 was designed,
manufactured and equipped with actuators and sensors. The design was accom-
plished by means of a numerical pre-design tool which simulates the noise
transmission through the smart structure in frequency domain. The smart CFRP
panel was flush mounted in the closed test section which directed the turbulent
inflow across the panel surface. A structure-based description of active sound
power was implemented and experimentally validated. Measurement data of tur-
bulent wall pressure fluctuations, structural response and sound power radiation
were captured. Due to the influence of active control, the total radiated sound
power in the bandwidth 1–500 Hz was reduced by 2.88 dB. The maximum
reduction in third-octave band sound power level was above 5 dB. Due to the low
predictability of the TBL excitation, the effect of active control was mainly present
around the structural resonances. At these eigenfrequencies, reductions of sound
power [10 dB where achieved.
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Chapter 35
Active Structure Acoustic Control
for a Truck Oil Pan

Olaf Heintze and Michael Rose

Abstract The oil pan of large diesel engine trucks is a significant contributor of
external noise radiation. Especially at lower frequencies below 500 Hz, this undesired
broadband noise cannot be treated effectively by passive measures due to weight and
size restrictions. Augmenting such systems with an Active Structural Acoustic Control
(ASAC) system is a promising way to effectively damp the sound radiation at critical
frequency ranges. Such a system was to be realized within the European Union (EU)
project ‘‘Intelligent materials for Active Noise Reduction’’ (InMAR) for the oil pan of a
Volvo MD13 truck engine. Piezoceramic patch actuators have been used in a labo-
ratory test stand to alter the vibrations in a broadband noise reduction manner. This
chapter discusses the actuator placement strategy and how to obtain an estimation of
the broadband sound power minimization capability. Finally the chosen actuator
layout was validated by experimental observations of a serial production oil pan.

35.1 Motivation

Noise is one of the major environmental problems in modern societies and induces
enormous financial losses as well as serious health problems. Very often large
lightweight vibrating structures are the primary noise source as they occur in air,
road or shipping traffic vehicles. In the European Union (EU), the steadily
increasing road traffic raises the corresponding noise emissions. In the years from
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1975 to 2005 the noise level in Germany along highways increased by 2.5 dB and
in cities by 3 dB at nighttime [1]. To counteract this trend, a stepwise lowering of
the permissible noise emission per different vehicle type by legislative actions
encourages car manufactures to continuously develop cars performing ahead of
prior restrictions. Within the last 30 years, these measures already induced 8 dB
reductions in cars and 11 dB reductions in trucks and busses.

But the future challenges will require even more lightweight structures
employed in next vehicle generations due to increased requirements with respect
to fuel consumption and CO2 emission. These structures are more susceptible to
vibration and greater noise emissions, which cannot be effectively treated by
classic strategies and therefore needs a new technology. It is outlines in the road
map for future noise reduction technologies [2] that road traffic noise technologies
significantly lower vehicle noise emissions until the year 2020. The investigation
on such technologies related to active noise reduction for traffic related applica-
tions was done in the EU-funded project InMAR (Intelligent Materials for Active
Noise Reduction). One aspect of this research was the treatment of the entire pass-
by noise of a heavy-duty truck, typically powered by a large diesel engine. About
43% of this noise is caused by its engine and related parts [3]. Especially the oil
pan was identifies as a major contributor to the noise radiation. Due to the sig-
nificant noise content in the low frequency range, the application of passive
damping materials is ineffective and therefore no option. In addition, using sound
absorbing material would prohibit the necessary engine cooling.

The noise emission of a vibrating oil pan directly exposed to ambient air can be
attenuated by alteration of this vibration through the application of piezoceramic
actuator modules onto the surface of the structure and suitable electrical activation.
Artificial dephased vibration generated by the piezoceramic actuators interferes with
the inherent vibration thereby reducing the resulting noise. This principle is referred
to as ‘‘Active Structural Acoustic Control’’ (ASAC), which is proven successful
[4–11] in reducing broadband noise up to 500 Hz and even above. Typically, such an
ASAC system consists of sensors in addition to piezoceramic actuators, which both
belong to an electronic network including controller and power supply unit.

In this section such an ASAC system in combination with the suitable placement
of the corresponding actuators [12] will be discussed, leading to an estimation of its
broadband noise reduction capability. As a prerequisite, the natural mode shapes, the
corresponding eigenfrequencies and the structural response of the oil pan to a typical
excitation were determined by the finite-element (FE) software ANSYS and
exported to the matrix based numerical software environment MATLAB to obtain
suitable actor positions, capable of addressing structural vibrations over a frequency
range up to 500 Hz. The objective function for the underlying optimization of
the actuator activation was given by the minimization of the radiated sound power.
The latter was estimated by numerically derived so-called radiation modes using the
boundary element software SYSNOISE. Radiation modes are a set of principle
velocity patters for the sound radiating surface, obtained by a singular value
decomposition of the underlying quadratic sound power functional, and therefore the
filtering through these patterns delivers independent contributions to the radiated
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sound power. Finally, due to simulation and parameter uncertainties, some experi-
mental observations of a serial production oil pan were conducted to validate the
initially derived actuator placement for that specific oil pan device.

35.2 Structural Dynamics and Suitable Actuator Positions

The main parts of an ASAC system are given by the underlying structure,
the applied actuators and sensors, the control unit and the power supply hardware.
The placement of actuators and sensors is crucial with respect to controllability
and observability of the structural vibrations. Especially the selected piezoceramic
patch actuators are most efficient at locations of great strain and therefore such
locations have to be determined.

The oil pan consists of glass-fiber reinforce plastics and has dimensions of
approximately one meter in length and 0.3 m in width and height. There are
various ways to mount it to the supporting structure. A modal analysis was
conducted for two mount configurations: The decoupled mounting was achieved
by string-loaded bolts and a rubber gasket in contrast to the fixed shoulder
mounting with locking of all degrees of freedom (DOF) along the oil pan’s
shoulder. In the selected frequency range up to 500 Hz, 56 mode shapes were
found for the decoupled support in contrast to 32 for the stiffer fixed shoulder type.
Since the structure can be totally controlled within this frequency range by the
control of each of these natural modes, each mode shape should have at least one
dedicated actuator, which is positioned in a high-strain area of the mode in order to
ensure high structural authority. To achieve such a practical compromise in
determining suitable actuator positions, the equivalent modal strains
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1=
ffiffiffi
2
p

1þ m0
X

ab¼xy;yz;zx

ðeai � ebiÞ2 þ 3
2
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abi

� �
" #1=2
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based on the von Mises Eq. (35.2) (taken from [17]) were computed for each
structural mode shape i. Here ea i and cab i denote the appropriate component strains
depending on the position vector xs and m0 is an effective Poisson’s ratio. These
computed equivalent strains were subsequently exported to MATLAB, normalized
and superposed through the relations
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where N denotes the total number of considered structural mode shapes. In order to
achieve significant structural authority, all structural modes in Eq. (35.2) were
equally weighted due to the high modal density. Figure 35.1 illustrates the results
of these calculations for the two different support types. The high-strain spots mark
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potential actuator locations that represent a compromise for broadband contralla-
bility and observability.

Typical areas of high-strain are located between stiffeners and in the rear flat part
of the oil pan. To be able to use a moderate number of actuators (much less than the
considered number of mode shapes), the placement strategy is maximization of the
actuators modal coverage. In addition, very small areas of large strain do not permit
actuator placement. Around thirty proposed positions with the greatest equivalent
strains were identified as potential locations. Finally eleven actuators were applied
at these locations as depicted in Fig. 35.2, which also shows the FE mesh of the
layered shell elements. The piezoceramic actuators were modelled in ANSYS by
employing the method of temperature analogy, because standard shell elements do
not provide piezo-electric coupling.

The method uses the thermal expansion coefficient (CTE) to incorporate the
actuator stress tensor of the modules by interpreting the temperature as the
actuators driving voltage. A linear relation is assumed between the applied electric
field and the resulting actuator strain tensor. This is reasonable as long as the

Fig. 35.1 FE calculation of superposed equivalent modal strains for two oil pan supports (left
decoupled, right fixed shoulder)

Fig. 35.2 FE-mesh of oil pan augmented with 11 piezoceramic patch actuators
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maximum amplitudes of the driving voltage induce minimal hysteretic behavior of
the module. The corresponding CTE can be computed directly from the
piezoceramic material parameters.

35.3 Vibroacoustic Coupling and ASAC Efficiency Estimation

It is well known from literature [4–11] that in the absence of resonance the
structures vibration is given by an operational deflection shape as a superposition
of several mode shapes. To obtain a suitable control strategy for minimization of
the sound radiation within a wide frequency range, it is therefore necessary to
identify a relation between structural vibration and radiated sound. To reduce
complexity, extra environmental details, road surface and engine compartment
have been disregarded from the computation. Instead the active sound power as a
measure of the acoustic energy transported to the far field was chosen as the
acoustic quantity to be minimized through altering the inherent structural vibra-
tion. Several methods are discussed in literature to describe this sound power.
Elliott and Johnson [5] substitute in the expression for the active sound power

W ¼ 1
2

Re
Z

S

v�nsðxsÞpsðxsÞdS

0

@

1

A ¼ SE

2
Re v�nsps

� �
; xs 2 S ð35:3Þ

the pressure pS on the radiating surface S by the impedance relation between that
pressure and the normal surface velocity vns: The second term in (35.3) results
from the first term by using elementary radiators of uniform area SE to discretize
the structures surface. The superscript * denotes complex conjugated and trans-
posed vectors or matrices. The impedance relation is given by pS ¼ Zvns with the
acoustic impedance matrixZ. Substituting this into Eq. (35.3), an expression

W ¼ v�nsRvns with R ¼ SE=2ReðZÞ ð35:4Þ

for the active sound power results. The acoustic impedance matrix Z can be ana-
lytically described for plane and simply curved radiators [4]. But arbitrary shaped
objects like the oil pan need sophisticated numerical procedures for this task.
Kuijpers [13] and Visser [14] outlined methods to derive Z using the boundary
element method (BEM). Instead of using the near field impedance relation, more
accurate results can be obtained by expressing the active sound power in the far
field. Photiadis [15] finds such a relation based on the expression

pf ðxf Þ ¼
Z

S

gðxf ; xsÞvnsðxsÞ dS; pf ¼ Gvns: ð35:5Þ

The second term is again the discretized version of the first term. The elements
of the matrix G are the values of the evaluated Green’s function gðxf ; xsÞ at
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specified locations, weighted by an appropriate element area. The singular value
decomposition (SVD) of G ¼ USV� delivers the radiation efficiencies from the
real and positive singular values in the diagonal matrix S; as well as the real
radiation modes from the columns of the unitary matrix V: The unitary matrix U is
not needed for the sound power calculation due to cancelation in

Wf ¼ 1
2

R
Sf

v�nf ðxf Þpf ðxf ÞdS

¼ SEf

2q0c0
p�f pf

� SEf

2q0c0
v�nsVKV�vns:

ð35:6Þ

Here vnf denotes the particle velocity in the fluid with fluid density q0 and speed
of sound c0, and SEf is the surface area of one element in an ISO 3744 microphone
mesh. The matrix K ¼ SS is a diagonal matrix that contains the squared singular
values, which implies that the radiation modes contribute to the sound power
independently with an efficiency that is proportional to its respective squared
singular value.

The BEM software SYSNOISE can be used to calculate the matrix G.
Figure 35.3 (left) depicts the boundary element (BE) mesh that was derived from
the finite-element mesh presented above. Furthermore, a microphone mesh in the
fluid region was set up according to ISO 3744. The computed matrix G was
subsequently exported for each considered frequency to MATLAB to perform the
SVD. A sorting algorithm as described by Johnson [16] had to be implemented to
correctly assign the radiation modes to the continuously varying curves of radia-
tion efficiencies with respect to frequency (for details compare with [12]).
Figure 35.3 (right) presents the contribution factors of the first six radiation modes
in the frequency range up to 500 Hz. The first radiation mode dominates the sound
power radiation up to 250 Hz, which corresponds to a Helmholtz number He ¼ ka

Fig. 35.3 Boundary element mesh derived from FE mesh (left) and radiation efficiency of the
first six radiation modes in the frequency range of 17–500 Hz (right)
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of 2.8 with k being the acoustic wave number and a as the typical radiator
dimension. With increasing frequency, the radiation modes of higher order become
more efficient. This leads to a contribution of all considered radiation modes with
the same order of magnitude at the maximum frequency of 500 Hz, which is
represented by a Helmholtz number of approximately 5.6. The contribution factors
of Fig. 35.3 (right) directly reflect the significance of the corresponding radiation
modes at each frequency.

As shown in [12], the first radiation mode represents a uniform normal surface
velocity distribution that pulses in-phase with the inside and outside acting like a
monopole radiator. In the low frequency range, this radiation mode is the most
efficient radiator. In contrast, the second and third radiation modes exhibit a dipole
character. With increasing order more complex spatial oscillations occur such that
the fourth radiation mode exhibits characteristics of a quadrupole radiator. Multi-
pole radiators are obtained for even higher radiation modes corresponding to the
observations made by Visser [14] for a sphere.

Fortunately, the shape variation of the radiation modes is moderate with respect
to frequency for a large part of the considered frequency range. To reduce the
complexity of the control strategy, a set of the first four radiation modes at 250 Hz
was selected to represent the entire frequency range. The sound power band level
was estimated up to a frequency of 500 Hz employing these four modes in
conjunction with frequency dependent radiation efficiencies. These band levels
differ by 0.25 dB compared to the ones computed with all radiation modes and this
set is applied from here on.

The dynamic model of the structure augmented with the actuators is used to
obtain the frequency response matrix functions Hd and Hu for the disturbances and
the actuator control voltages to the surface velocities respectively. Under the
linearity assumptions, the vector of surface velocities is given by

vns ¼ Hdfd þHuu ð35:7Þ

in terms of the disturbance forces fd and the actuator driving voltages u. Using the
plant Eq. (35.7) in combination with the quadratic functional (35.4), the control
signal in the frequency domain can be calculated (with and without a penalty term
for the control voltage amplitudes) by minimizing the implied quadratic equation
(details are again presented in [12]). Here, a structural vibration is provided that
reliably counters the inherent vibration in a manner which minimizes sound power
over a wide range of frequencies. Although, such an optimally performing feed-
forward control algorithm can rarely be employed in realistic applications, the
method provides an estimation of an upper performance limit for the noise
reduction system.

Eighteen representative three dimensional structural excitations were simulta-
neously applied to all 18 oil pan mount points. The resulting active sound power in
the frequency range up to 500 Hz was computed and its spectrum is depicted by
the dark gray (upper) data set in Fig. 35.4 (left). Additionally, the significantly
lowered sound power through the ASAC system is shown here as the light gray
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(lower) curve. Inspection of the band level for the frequency range up to 500 Hz
reveals a broadband sound power reduction of 23 dB compared to the uncontrolled
sound power band level. This reduction was achieved assuming an optimally
performing control which results in control voltages partially exceeding the limits
of typical power supply unit and actuator specifications. Therefore, a provision
was implemented in the voltage computation algorithm, which limits the maxi-
mally permissible voltage amplitude for actuator and power supply of 200 V. Even
for this more realistic configuration with relatively large voltage restriction, a
significant reduction in the sound power band level of about 6 dB was achieved as
depicted in Fig. 35.4 (right).

35.4 The Serial Production Oil Pan Demonstrator

Within the project InMAR, an oil pan demonstrator was set up to validate
numerical simulations. The test stand assembly consists of several parts. The oil
pan itself is mounted to an aluminum frame using bolts and a gasket from serial
production to demonstrate realistic mounting conditions. The oil pan’s interior is
occupied with sound absorbing open-cell foam. Figure 35.5 (left) illustrates this
assembly without the sound absorbing foam, which is supported through suspen-
sion cords attached to a support frame. The structural excitation for a subsequent
ASAC test was planned to be provided through a shaker device acting on the upper
cross bar of the frame, where the oil pan is mounted. This ensures compatibility to
the test facilities in the laboratories of DLR, providing a test environment as
realistic as possible in comparison to actual operation conditions in a truck.

Due to geometric differences between the FE-model and the serial production
oil pan, the actuator placement resulting from the simulations discussed above had
to be validated for the serial production oil pan. Therefore, an experimental

Fig. 35.4 Level of active sound power of oil pan with typical structural excitation without (blue,
upper graph) and with (red, lower graph) control (left unlimited actuatorvoltage, right limited
actuator voltage of 200 V amplitude)
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observation was conducted to fine tune and to validate the piezoceramic patch
positions. This experimental observation was started with the locations proposed
by the simulation by marking and numbering the feasible positions for patch
actuators of a given size, 30 by 95 mm. For these locations, the mobility or
frequency response functions (FRF) due to a shock hammer excitation at the
shaker attachment point and an accelerometer (bonded to the structure with wax
for easy repositioning) at the identified potential locations were measured.

The results of the conducted tests provide insight in the frequency content
observable and controllable at the observed locations. All FRF’s are an average of
ten directly succeeding measurements for each of the 30 considered accelerometer
locations. As a result of this experimental validation, the 11 chosen actuator
positions are consistent with the FE simulation despite the geometric deviation of
the serial production oil pan. All of the most significant peaks are covered by the
actuator set and due to the observability of multiple frequency peaks a great modal
coverage is given. Figure 35.5 (right) depicts the fully equipped oil pan.

35.5 Conclusions

In this work, a large truck engine oil pan has been investigated to establish an
active structural acoustic control system. The focus has been set on a piezoceramic
actuator placement strategy as well as on the estimation of the systems sound
power reduction capabilities. For two different types of boundary conditions, the
first natural mode shapes have been computed through FEM simulations. In both
support types the modal density of the oil pan is too high to permit individual
mode shape control. Hence, the actuator locations have been determined by the
evaluation of superposed modal equivalent strains to grant a good multi-modal
coverage. The primary goal of the ASAC system is to alter the inherent noise
radiating vibration over a broad frequency range and to reliably minimize the
sound power. Therefore, principle velocity patterns have been computed numer-
ically, to allow for efficient radiated active sound power estimation and suitable
real-time control implementation. Four dominating radiation modes have been

Fig. 35.5 Oil pan test stand without sound absorbing foam from different views (left), oil pan
equipped with piezoceramic patch actuators (right)
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used for the computation of the actuator voltages of a typical oil pan excitation due
to the engine. A principle reduction of 23 dB in the active sound power band up to
500 Hz has been obtained by an ASAC simulation with an underlying optimal
control scheme. More realistic operational conditions of the actuators were con-
sidered by limiting the maximum permissible voltage to 200 V. Even with this
significant restriction, a broadband sound power reduction of approximately 6 dB
through the ASAC system has been computed.

In order to demonstrate the ASAC system capabilities, a test stand with
reasonably realistic mounting conditions have been designed for this particular oil
pan in the DLR laboratories. Due to geometrical differences between the FEM
mesh and the serial production oil pan, the numerically derived actuator placement
has been adjusted by a set of experimental observations. Finally, the oil pan has
been augmented with piezoceramic patch actuators, which are manufactured as
modules by the DLR, featuring high durability, robustness, and performance.

On the basis of the work presented in this paper, the succeeding steps are the
measurement of the actual sound radiation of the oil pan and the implementation of
a control algorithm. Once the hardware implementation of the controller is
performed, its capability to reduce the oil pan noise must be determined and
compared to the simulation results presented here.
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Chapter 36
Experimental Study of an Active Window
for Silent and Comfortable Vehicle Cabins

Malte Misol, Stephan Algermissen and Hans Peter Monner

Abstract The poor sound insulation of windows especially at low frequencies
constitutes a severe problem, both in transportation and in the building sector. Due
to additional constraints on vehicles or aircrafts regarding energy efficiency and
lightweight construction, the demand of light-weight-compliant noise-reduction
solutions is amplified in the transportation industry. Simultaneously, in order to
satisfy the customer demands on visual comfort and modern design, the relative
size of glazed surfaces increases in all sectors. The experimental study presented
below considers the feasibility of actively controlled windows for noise reduction
in passenger compartments by using the example of an automobile windshield.
The active windshield consists of the passive windshield, augmented with
piezoceramic actuators and sensors. The main focus of the subsequent work was
the development and evaluation of feedforward and feedback control strategies
with regard to interior noise reduction. The structural excitation of the windshield
was realized by an electrodynamic exciter (shaker) applied at the roof brace
between the A-pillars. By this choice it was possible to emulate the structural
excitation of the windshield through the car body, induced by coasting and motor-
force harmonics. The laboratory setup does not permit the consideration of
hydrodynamic and acoustic loads, which might be important as well. However, the
experimental results indicate the high noise reduction potential of active structural
acoustic control of structure-borne sound that radiates into a cavity.
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36.1 State of Technology

The reduction of noise in passenger compartments of vehicles by means of active
electronic devices has been a research issue for more than fifty years. In 1953,
Olson and May [1] proposed the application of an electronic sound absorber in the
vicinity of the passenger’s head in order to reduce unwanted sound. More recent
publications deal with the reduction of road noise using the car’s audio system as
actuator for the active noise control (ANC) system. Both feedforward and feed-
back algorithms are investigated. Sutton et al. [2] developed an active sound
control system for automobiles that uses interior loudspeakers to counteract the
low-frequency rumble of road noise when driving on typical road surfaces. In a
publication of Oh et al. [3] the development of an active feedforward control
system for the reduction of road booming noise is described. Four accelerometers
were attached to the suspension system in order to detect reference vibration
signals, and two loudspeakers were used for the attenuation of the noise near the
headrests of the two front seats. Sano et al. [4] developed an active control system
for low-frequency road noise in automobiles with the emphasis on cost efficiency.
A recent paper by de Oliveira et al. [5] aims to evaluate, both numerically and
experimentally, the effect of a feedback controller on the sound quality of a vehicle
mock-up excited with engine noise. The controller performance is evaluated in
terms of specific loudness and roughness. All of the mentioned publications
implement an active noise reduction system by means of anti-sound. However, not
many research results have been published in the field of active structural acoustic
control (ASAC) for automobile application. Dehandschutter and Sas [6] propose
the application of vibration absorbers at the car body. In Weyer et al. [7] active
electromechanical absorbers (AEMA) are applied to a car roof for the realization
of an ASAC system. The windshield, however, which constitutes an important
factor regarding interior noise, has not been considered in former publications
dealing with ASAC. The current paper considers the reduction of windshield-
vibration-induced interior noise in an automobile passenger compartment by
means of ASAC. The achieved results can be considered to be of generic
importance also for other traffic carriers such as trains or aircraft.

36.2 Real-Time Control System of the Active Windshield

The sampling rate was set to 1 kHz. Apart from the microphone signal, all in- and
outgoing signals were conditioned by low-pass filters of the type Kemo 21 M with
a cut-off frequency set to 240 Hz. The piezo-amplifiers of the type E-471 and
P-270 from PI were sufficiently powerful to supply the piezoelectric d31-patches
with a maximum voltage of 400 V up to the cut-off frequency. For vibration
sensing, six accelerometers of the type PCB 356A18 were placed at heuristically
optimized positions on the windshield. The sound pressure level (SPL) at different

440 M. Misol et al.



positions in the interior of the car was sensed by a PCB 377B02 microphone in
combination with a PCB TMS426A01 amplifier. The reference signal for the
adaptive feedforward controller was generated from a force sensor placed at the
excitation point of the shaker at the roof brace (Fig. 36.1).

36.3 Definition of Sensors and Actuators

Figure 36.2 shows the accelerometer positions (S1–S6) as well as the selected
piezo-actuators (A1–A6). The number and position of the sensors was chosen and
optimized heuristically by using results from modal analysis and the principle of
maximum modal observability. The selection process of the control actuators was
guided by the evaluation of control-path frequency-response-functions (FRF). In
order to achieve a reasonable trade-off between model complexity and control

Fig. 36.1 Block-diagram of the real-time control system of the active windshield

Fig. 36.2 Definition of
disturbance force (F),
actuators (A) and sensors (S)
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authority, the number of actuator channels had been restricted to three. A further
increase in control authority is obtained by operating adjacent actuators in parallel
(Ax||Ay).

In general, it can be stated that the lower actuators 3, 4, 5 and 6 have more
authority below 150 Hz and the upper actuators 1 and 2 perform better above
150 Hz. This behavior can be explained by the mode shapes of the windshield
system and the corresponding distribution of maximum modal strains. The final
choice of actuators was A1||A2, A3||A4 and A5||A6 because in this configuration
the singular values of the control path FRF-matrix were largest throughout the
controller bandwidth from 0 to 240 Hz.

36.4 Multi-Reference Test and System Identification

A high-precision model of the control system constitutes an important prerequisite
for the successful design and implementation of a state-feedback or adaptive
feedforward controller. In this study, the SLICOT toolbox [8] was used to identify a
discrete-time state-space-model (SSM) for the coarse accelerometer grid (4 inputs,
6 outputs) by means of multiple-reference test data. In order to obtain the global
system dynamics in terms of a fine, so-called SLDV-grid (101 points), a subsequent
least-squares fit was performed by using the obtained state-space model and
measurement data from the scanning laser doppler vibrometer (SLDV). The final
result was an augmented state-space system of the same order, but with 101 outputs.

Figure 36.3 compares the singular values of the identified system model with a
MATLAB� frequency response data (FRD)-model that had been calculated from
measurement data. The agreement of the identified and measured singular values

Fig. 36.3 Singular values of control- and disturbance-path FRF-matrix
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within the control bandwidth proves that a numerically efficient and accurate
modeling had been achieved with the use of only 60 states.

36.5 Implementation and Evaluation
of the Control Algorithms

Modern control strategies are based on the concept of a generalized plant [9]. This
method is very generic and provides great flexibility in control strategy formula-
tion. In principle, the designed controllers are broadband within the control
bandwidth. However, results of acoustic investigations obtained from road trials
and roller test bench experiments emphasize the importance of the second and
third eigenfrequency of the windshield system. Due to its importance for the low-
frequency interior acoustics, the subsequent discussion is focused on these two
structural resonances. In order to allow comparability, the color coding of the
operational velocity shapes amplitudes was kept constant for all vibration mea-
surements. The amplitudes are color coded from light green (0 m/s) to light red
(9e-4 m/s at 116 Hz and 5e-4 m/s at 145 Hz) (Fig. 36.4).

36.5.1 State-Feedback Control

Figure 36.5 shows the schematic employed for the control design. This formula-
tion follows the generalized plant concept with plant Gext, controller R and
appropriately chosen weighting filters WXYz. The zero-mean, white-noise pro-
cesses wd and wr serve as input (process and measurement noise) whereas z rep-
resents the performance output of the generalized plant. The scheme is expressed
mathematically in Eqs. 36.1 and 36.2. If p and v are identical, the controller
minimizes a local performance metric. The global controller is designed with
regard to the fine SLDV-grid. In order to enhance the control performance,
a model of the disturbance path G11 was included into the generalized plant.

Fig. 36.4 Measured operational velocity shapes at 116 Hz (left) and 145 Hz (right) without
control
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According to Fig. 36.6, the vibration-reduction performance of local and global
feedback control is very similar. One reason for this is the relatively large number
of accelerometers compared to the structural wavelengths. This leads to a global
vibration reduction even with a local control scheme. The global control would be

Fig. 36.5 Weighting scheme for FB-controller synthesis

Fig. 36.6 Measured operational velocity shapes at 116 Hz (left) and 145 Hz (right) with local
(above) and global (below) state-feedback control
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advantageous if the ratio of structural sensors to control bandwidth was signifi-
cantly reduced or if a sound power related performance metric was needed. The
vibration level reductions of the local feedback controller averaged over the
SLDV-grid are 7.54 dB at 116 Hz and 4.36 dB at 145 Hz.

36.5.2 Adaptive Feedforward Control

The implemented feedforward controller is based on finite impulse response (FIR)
filters whose coefficients are adapted by means of the well-known filtered-x least
mean squares algorithm (FxLMS) [10]. In contrast to the state-feedback control
scheme, the FxLMS algorithm performs no post-processing of the sensor signals
and hence can only process local information based on the coarse sensor grid
(p : e) (Fig. 36.7).

Adaptive filtering was performed with 200 FIR-filter taps for each control
channel, a leakage-factor V = 1 and a normalized step size l of 0.1 % times the
theoretical maximum value. The adaption of the FIR-filter-weights for a single-
reference FxLMS with M sensors and K actuators is described by Eq. 36.3.

wðnþ 1Þ ¼ wðnÞ þ lX0ðnÞeðnÞ ð36:3Þ

Fig. 36.7 Generalized plant framework for adaptive feedforward control

Fig. 36.8 Measured operational velocity shapes at 116 Hz (left) and 145 Hz (right) with
adaptive feedforward control
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The dimensions of weight-vector w, filtered-reference matrix X’ and error-vector
e follow from Eq. 36.4. Matrix X’ is formed by the Kronecker product convolution of

impulse response matrix bS and reference signal vector x.

wðnÞ � wT
1 ðnÞ wT

2 ðnÞ � � � wT
KðnÞ

� �T2 R
KL

eðnÞ � e1ðnÞ e2ðnÞ � � � eMðnÞ½ �T2 R
M

X0ðnÞ ¼ bSTðnÞ � xðnÞ 2 R
KLxM

ð36:4Þ

Figure 36.8 shows the vibration amplitude with the adaptive feedforward
controller. The relative sound pressure levels shown in Fig. 36.9 were measured at
six points equally spaced along the x-axis at z = -0.1 m (interior).

36.6 Conclusion

Different feedback and feedforward control strategies for the active reduction of
interior noise in vehicle cabins have been developed and experimentally approved.
A maximum global vibration reduction of 7.5 dB was achieved in the acoustically
relevant frequency band containing the second and third eigenfrequency of the
windshield system (100–150 Hz). The interior SPL was reduced up to 16 dB.
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Chapter 37
Structural Health Monitoring Based
on Guided Waves

Daniel Schmidt, Wolfgang Hillger, Artur Szewieczek
and Michael Sinapius

Abstract Structural Health Monitoring (SHM) based on ultrasonic guided waves,
so-called Lamb waves, is a promising method for in-service inspection of com-
posite structures without time consuming scanning like conventional ultrasonic
techniques. Lamb waves are able to propagate over large distances and can be
easily excited and received by a network of piezoelectric actuators and sensors.
In principle different kinds of structural defects can be detected and located by
analyzing the sensor signals. The chapter describes recent research activities at
DLR on Structural Health Monitoring. The research are focused on the visualisation
of Lamb wave propagation fields based on air-coupled ultrasonic technique, the
simulation of virtual sensors, mode selective actuators as well as manufacturing of
actuator and sensor networks. Additionally, the chapter present the development of
a SHM system for impact detection in a helicopter tailboom (Eurocopter—EC 135).
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37.1 Introduction

Structural Health Monitoring (SHM) based on ultrasonic guided waves, so-called
Lamb waves, is a promising method for in-service inspection of aerospace
structures without time consuming scanning like conventional ultrasonic tech-
niques. The implementation of SHM systems into aerospace applications enhances
reliability, safety and maintenance performance as well as economic aspects.
Lamb waves are disperse guided waves which propagate between two parallel
surfaces, e.g. the upper and lower plate surface. Due to the disperse characteristic,
the wave velocity depends on the product of excitation frequency and plate
thickness. At a given frequency-thickness product a finite number of different
Lamb wave modes (symmetric, S0, S1, S2,…, and anti-symmetric, A0, A1, A2,…,
modes) exist [1, 2].

Lamb waves are able to propagate over long distances in thin-walled structures
with low attenuation and are highly sensitive to a variety of structural damages
[3–6].

Lamb waves are best excited and received using a network of piezoelectric
actuators and sensors which are permanently attached on the structure. Piezo-
polymers, like polyvinylidene fluoride (PVDF), or piezoceramics (PZT) are
commonly used as actuator and sensor materials for Lamb wave based Structural
Health Monitoring. Piezopolymers are flexible and can be applied on curved
structures. They are lightweight as well as cheaper and easier to manufacture than
piezoceramics [7]. However, piezopolymers possess a much lower Young’s
modulus and actuation force in comparison to piezoceramics. Thus piezopolymers
are less suitable as actuators. Moreover, piezopolymers are inappropriate for
aerospace applications due to their limited temperature range of -40 to +110�C.
Hence, the presented work is focused on piezoceramic based Structural Health
Monitoring.

Different kinds of structural defects can be detected in principle and located
by analysing the sensor signals of guided Lamb waves [8, 9]. However, the
presence of at least two Lamb wave modes at any given frequency, their dis-
persive characteristic and their interference at structural discontinuities produce
complex wave propagation fields and sensor signals which are difficult to
evaluate. Furthermore, discrete sensors provide only point information. An
understanding of the complete wave propagation is not derivable out of these
sensor signals. Therefore it is necessary to visualize the wave propagation in
order to get a profound understanding of the propagation of different Lamb wave
modes and their individual interaction with defects. Usually this is done by
scanning laser vibrometry [10]. DLR has developed a method using air-coupled
ultrasonic scanning technique, which is presented in the next section. The third
section describes the design and positioning of virtual sensors based on the
scanned wave propagation field. By using this method different sensor layouts
and positions can be compared and evaluated in order to optimize SHM systems.
Mode selective actuators are able to excite a particular Lamb wave mode to
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reduce the complexity of the wave propagation field. Section 37.4 describes the
development and the manufacturing of mode selective actuators. The experi-
mental validation of the mode selective actuators is elucidated thru experiments
on a CFRP (Carbon Fiber Reinforced Plastics) plate. Finally, a SHM system for
impact detection in a helicopter tailboom (Eurocopter—EC 135) is proposed in
Sect. 37.5.

37.2 Visualisation of the Lamb Wave Propagation Field

Air-coupled ultrasonic technique is a well-established method at DLR for the
inspection of CFRP structures. This technique has been combined with Lamb wave
investigations in order to visualize the Lamb wave propagation field and its
interaction with defects. Figure 37.1 shows the experimental set-up used for
visualization of Lamb wave propagation fields.

A piezoceramic actuator is applied in the set-up on the lower surface of the
specimen and operates as transmitter. A rectangle burst signal is used for excita-
tion. Due to the harmonics of the rectangular signal the receiver signal is filtered in
order to provide a narrow band signal. An air-coupled ultrasonic sensor is moved
in a meander-shaped track by a portal scanner for receiving the out-of-plane
component of the Lamb wave propagation field. Broadband capacitive sensors
providing a frequency range from 10 to 100 kHz can also be utilized in addition to
ultrasonic sensors having a relative narrowband characteristic with centre fre-
quencies of e.g. 120, 200, 300 and 400 kHz. The amplitudes of the receiver signal
are very low due to the air-coupling of the sensors and the mode conversion into
longitudinal waves. In consequence, ultra-low noise preamplifiers and a band pass
filter on the receiver side are required. The amplitude signal as a function of time
[A = f(t)] is measured during the scanning process at each point in x- and
y-direction of the scanning grid. Depending on the x- and y-coordinates the
amplitude signals are recorded into a so-called volume data file [A = f(x,y,t)].

Fig. 37.1 Experimental
set-up for lamb wave
investigations based on air-
coupled ultrasonic technique
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This volume data file contains the entire information of the Lamb wave propa-
gation field so that several analysis tools can be calculated:

• A-scan, amplitude signal as a function of time at specific x–y-positions
• B-scan, amplitude signal as a function of time along an axis in x–y-plane
• C-scan, two dimensional image of maximal amplitudes
• D-scan, two dimensional image of time-of-flight
• Video animation of the wave propagation

Further analysis tools provide the measurement of specific Lamb wave modes
regarding wavelength, phase and group velocity as well as signal attenuation. This
measurement can be performed in different angles of the x–y-plane which is
fundamental for the characterisation of anisotropic structures, such as CFRP.

Within the investigations the phase velocities of the A0 and S0 mode in a CFRP
plate are experimentally determined by air-coupled ultrasonic technique. The
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CFRP plate have dimensions of 1000 9 1000 9 2 mm and are made of [7] plies
in a ½ð0=90Þf=þ 45=� 45=ð0=90Þ; f �S configuration. The experimentally deter-
mined phase velocities of A0 and S0 mode at 131 kHz are shown in Figs. 37.2 and
37.3. In these figures the experimental measurements are compared with the
theoretical phase velocities which are determined by the method of guided waves
in multiple layers proposed in [9] and [11]. In addition, the phase velocities of the
CFRP plates were measured using scanning laser vibrometry which was performed
by the Otto von Guericke University of Magdeburg-Germany [12]. The scanning
laser vibrometry as well as the ultrasonic technique are appropriate for measure-
ment the dispersion diagram with the same accuracy. Figures 37.2 and 37.3 show
that the phase velocity also depends on the direction of propagation in the x–y
plane. It can be seen, that the phase velocity pattern is different between A0 and S0

mode. This is caused by the lay-up of the CFRP plate which leads to varying
stiffnesses in different directions and thicknesses. The varying stiffness of the
CFRP plate in combination with the complex displacement field of the Lamb wave
modes results in different phase velocity pattern. For instance, the displacement
field across the thickness of the A0 mode resemble for low frequencies (fd ? 0)
a conventional flexure wave. In contrast, the displacement field of the S0 mode
resemble for low frequencies (fd ? 0) a conventional axial plate wave [8].

37.3 Virtual Design and Evaluation of Sensors

The volume data file described in chap. 37.2 includes the entire information of the
wave propagation field for a chosen excitation frequency. This volume data can be
used in combination with structure information to simulate the signal of a sensor
with known dimensions and behaviour as if it would be bonded on the structure
surface. In this way it is possible to optimize the sensor design and network
configuration (number of sensors and their positions) with higher time and cost
efficiency [13].

After defining the coordinated of the virtual sensor within a wave propagation
snapshot, the software calculates the anticipated signal of an equivalent sensor by
analysing the volume data file. Every imaginable layout can be simulated.
The software considers different coupling techniques and sensor layouts.
Figure 37.4 shows an investigation of simulated sensors with an interdigital
transducer layout for mode selection 0, [14]. An aluminium plate with the
dimensions of 1000 9 1000 9 2 mm was used for experimental verification. A
circular piezoceramic actuator having a diameter of 10 mm and a thickness of
0.5 mm was bonded on the plate centre. The actuator is excited by a rectangle
burst signal with a frequency of 120 kHz. The Lamb wave propagation field is
recorded with the air-coupled ultrasonic scanning technique, as presented above.
The wave propagation field is shown in Fig. 37.4 for two different points of time
(152.2 and 200 ls). The wavelengths of the excited Lamb wave modes are
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measured with the in-house developed analysis software. The procedure of the
wavelength measurement is detailed described in [12]. The results show that the S0

mode propagates with a wavelength of 49 mm and the A0 mode propagates with a
wavelength of 13 mm.

Two different virtual sensors are designed in the simulation according to the
wavelengths of S0 mode (Fig. 37.4—left) and A0 mode (Fig. 37.4—right).
The width of each sensor is 60 mm. As a result of the simulation the calculated
signals in Fig. 37.4 show a high separation of both Lamb wave modes at the time
of arriving at the sensor positions.

37.4 Mode Selective Actuator Design and Manufacturing
Process

The generation of a particular Lamb wave mode can be achieved by controlling the
frequency as well as the wavelength (k) of the desired mode within the excitation.
An appropriate technical solution is to use piezoelectric substrate with applied
interdigitated electrode pattern, so-called interdigital transducers [7, 14, 15]. Such
transducers are widespread in telecommunication systems as surface acoustic
wave filters (SAW) for frequency selection [16]. The electrode configuration is
made of two comb-like electrodes with opposite polarity. The electrode distance

Fig. 37.4 Snapshots of lamb wave propagation field in an aluminium plate with different. virtual
sensors (left S0 mode, right A0 mode) and their calculated signals
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corresponds to the half-wavelength of the desired Lamb wave mode which will be
excited at a frequency in the thin-walled structure. The bandwidth of the frequency
response function of the excited Lamb wave can be controlled by the number of
electrodes. Furthermore, the frequency response function can be modified by
apodization which is known from the theory of surface acoustic wave filters.
Apodization means that the overlaps (lO) of each electrode pair are varying along
the length of the transducer (Fig. 37.5). By suitable dimensioning of the overlaps
the transducer can be in principle designed to a specific frequency response. These
possibilities of modifying the frequency response function can be utilized to
enhance the effectiveness of the actuator regarding mode selectivity.

Starting point for the manufacturing of interdigital transducer is a commercial
available piezoceramic plate with a typical thickness of 0.2–0.5 mm. This
piezoceramic plate is already provided with uniform electrodes on the upper and
lower surface and polarized by the manufacturer. In a first step the piezoceramic
plate is additionally metallised with gold by a sputtering process. This procedure
ensures wrap-around electrodes and thus the electrical connection from the upper
side of the final actuator. In a second step the electrode structure is made by a laser
ablation process. The laser parameters are adjusted to remove only the metallised
layer and avoid mechanical damages of the piezoceramic. Due to the polarisation
direction and the electrical field, which is generated through the thickness of the
piezoceramic, the transducer is working in the piezoelectric d31-effect. In this case
a positive electrical field causes in-plane contraction of the piezoceramic material
which is used for Lamb wave excitation. A typical example of such an interdigital
transducer is shown in Fig. 37.6.

The main problems of piezoceramics are their inherent brittleness and the
failures of electrical contacts which lead to insufficient reliability. A promising
alternative to conventional piezoceramics is to utilize the piezocomposite tech-
nology to increase the reliability of brittle piezoceramics. Piezocomposites consist
of piezoceramic materials embedded in a ductile polymer. Further components like
electrodes, electrical contacts or insulators are also embedded into the composite.
Within the embedding process the polymer is typically cured in a temperature
range of 120–180�C. Due to the different coefficients of thermal expansion of the

Fig. 37.5 Schematic design
of an IDT with apodization
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polymer and the piezoceramic material as well as to the shrinking of the polymer
during curing, the piezoceramic material is provided with a mechanical
pre-compression. This pre-compression protects the brittle piezoceramic material
and allows bending loads on the piezocomposite which is essential for the
application on curved structures. Further advantages of piezocomposites are reli-
able electrical contacts, electrical insulation as well as high durability under var-
iable environments. In recent years different piezocomposite configurations have
been designed and manufactured [17].

One possible solution of manufacturing mode selective actuators based on the
piezocomposite technology is the embedding of the piezoceramic with interdigi-
tated electrode pattern, which is shown in Fig. 37.6, into the polymer. Another
solution is to arrange individual piezoceramic elements in a distance of half-
wavelength within the piezocomposite (Fig. 37.7). The piezoceramic elements
work in the piezoelectric d31-effect.

For experimental tests a mode selective actuator is designed and manufactured.
The actuator is designed to attenuate the S0 mode and thus to amplify the A0 mode
at a frequency of 40 kHz. At this frequency only the lowest order of symmetric

Fig. 37.7 Mode selective
lamb wave actuators based on
piezocomposite technology

Fig. 37.6 Mode selective lamb wave actuator based on interdigital transducer design with
apodization
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and anti-symmetric modes exists which is a first reduction of the complex Lamb
wave propagation field. Due to the dispersion diagram of the CFRP plate the
wavelength of the A0 mode at 40 kHz is approx. 20 mm. The actuator is manu-
factured as piezocomposite and consists of five piezoceramic elements which have
respective dimensions of 50 9 8 9 0.2 mm. The distance between the elements
corresponds to the half-wavelength of 10 mm. The final actuator that is used for
the experimental tests is shown in Fig. 37.7. The actuator is bonded in 0�-direction
on the upper surface of the CFRP plate which is presented in Sect. 37.2.
As bonding layer a cyanoacrylate adhesive is used. Due to the low viscosity of the
uncured adhesive very thin and uniform bonding layers can be ensured.
Each actuator element is excited by a rectangle burst signal with 3 bipolar pulses,
whereby the signal of adjacent elements has a 180� phase difference. The voltage
of the excitation signal is 15 V (peak to peak). In order to distinguish the S0 mode
from the A0 mode a pair of circular piezoceramic sensors is collocated bonded on
the upper and lower plate surface. In case of the symmetric S0 mode both sensors
show equal amplitude signals over time without a phase shift. But in case of the
anti-symmetric A0 mode the amplitude signals of the upper and lower sensor show
a 180� phase shift. The sensors are piezocomposites with an embedded circular
piezoceramic which has a diameter of 10 mm and a thickness of 0.2 mm. The
distance between the actuator and the sensors is set to 200 mm. The sensor signals
are filtered using a 12th order band pass of 20–60 kHz. The amplitudes are
measured building the absolute value of the signal of each Lamb wave mode. In a
first setup only the first element of the actuator is driven. The sensor signals in
Fig. 37.8 shows that the A0 and the S0 mode are generated in an amplitude ratio of
100 to 11%.

In a second setup all elements of the actuator are driven. The resulting
amplitude ratio is 100% of the A0 mode to 1.7% of the S0 mode. The amplitude
ratio can be improved by applying an apodization. This is realized by controlling
the voltage of the excitation signal of each actuator element using adjustable

Fig. 37.8 Experimental
set-up and sensor signal by
driving the first element of
the actuator
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resistors. The apodization is set in such a way that the S0 mode shows minimal
amplitudes over the frequency bandwidth of the sensor signal. The aim of the
apodization is to modify the frequency response functions of the S0 mode as well
as the A0 mode so that a broadband reduction of the S0 mode is achieved. Fig-
ure 37.9 shows the signal amplitudes of the apodized actuator. The signal
amplitude of the S0 mode is reduced to 0.2% in contrast to the amplitude of the A0

mode of 100%. As a result, the experimental tests show that he designed actuator
can be sufficiently attenuated the S0 mode in a CFRP plate. Furthermore, an
apodization modifies the frequency response of the actuators in such a way that the
mode selectivity can be improved.

37.5 Concept of Damage Detection in a Helicopter Tailboom

Bridging the gap between basic research and application DLR’s research on SHM
covers the investigation of a SHM system on a half-shell of the EC 135 helicopter
tailboom. The research is focused on the ability of defect detection in the helicopter
tailboom. Figure 37.10 shows the half-shell of the tailboom (3.49 9 0.57 m).

The tailboom consists of a honeycomb sandwich structure (skin thicknesses 1.0
and 0.5 mm) with copper mesh in the outer skin for lightning protection and
different inserts. The wave propagation in such sandwich structure is quite com-
plex. Therefore the wave propagation is visualized using the air-coupled ultrasonic
scanning technique which is presented in Sect. 37.2.

Initial experiments reveal that only excitation at frequencies below 30 kHz
generate wave modes which propagate in both skins and in the sandwich core. This
aspect is important because the actuator and sensor system is applied on the inner
skin and must also be able to detect damages in the outer skin as well as in the core.

Fig. 37.9 Experimental set-
up and sensor signal by
driving all elements of the
actuator with applied
apodization
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In order to study the wave interaction with an impact and applied piezoceramic
sensors, the wave propagation in the tailboom has been recoded over a length of
1 m. Figure 37.11 shows the wave propagation in the tailboom. The actuator is
situated at point (A) and excites the S- and the A-mode. At position (B), (D), (F)
and (G) circular piezoceramic sensor (PIC 255, Ø 10 9 0.2 mm, PI Ceramic
GmbH) are bonded on the inner skin. At position (C) an impact with energy of
10 J is applied on the outer skin. Position (E) indicates a separation of the sand-
wich core. It can be seen that every stiffness change, like sensors, impacts and core
separations, produce mode conversion from the S-mode into the A-mode. Based
on the wave propagation these stiffness changes behave like virtual A-mode
sources. This means the more sensors required for precise defect detection and
localisation, the more additional mode conversions appear.

Fig. 37.10 Tailboom (half-shell) of Eurocopter EC 135

S0 mode

A0 mode

Fig. 37.11 Snapshot of the wave propagation in the tailboom (top), B-scan along the red dashed
line in the snapshot (bottom)
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Based on the results of the wave propagation a concept of damage detection in
the tailboom has been developed. This concept uses mode conversion as an
indicator for damages. In order to have a minimal additional distortion of the wave
propagation only few actuators should be applied on the structure. This is possible
because Lamb waves propagate over large distances with low attenuation. The
actuators should be optimised for the S0-mode with a wavelength 185 mm at
22 kHz. Interdigital actuators, as is presented in Sect. 37.4, provide a wavelength
selection. However, their dimensions are too large for this application requiring a
wavelength of 185 mm.

Because of the mode conversions at glued actuators they should be position at
‘‘natural stiffness changes’’ of the tailboom. Those positions are internal core
bondings in a distance of about 1 m.

In order to avoid additional mode conversion air-coupled sensor networks are
used. These kinds of sensors are sensitive to the out-of-plane component of Lamb
waves. Low frequencies between 20 and 30 kHz generate Lamb waves with higher
out-of-plane components of the A-mode than the S-mode which is another
advantage of the air-coupled system (Fig. 37.12).

Integrated SHM networks underlie different kinds of electromagnetic pertur-
bation. A high signal to noise ratio of the measurements requires an optimized
signal processing and cable design. On the other hand complex cabling of entire
networks accompanies with a high system weight. A weight-saving solution is a
tree-like organisation of multiplexer entities. Local groups of sensors can be
connected to a multiplexer. Different multiplexers can be arranged together in
dependence of the network layout for minimal cable usage. The aim is a solution
as simple as possible with a minimum of (shielded) cables from the SHM system
to the tailboom. A standard VGA monitor cable contains three shielded coax
cables (75 X) and ten control lines and is easily deliverable up to a length of 10 m.
The actuators are multiplexed by relays so that only one internal coax cable is
required. The 64 sensors are segmented in eight sensor arrays, each with eight
selected sensors (Fig. 37.13). The eight sensors of an array are connected to the
sensor multiplexer. Its output is amplified by a low noise pre-amplifier and con-
nected to an array multiplexer so that only one coax cable connection to the SHM
system is necessary. A DC coupled technique between sensors, multiplexers and
amplifiers is used so that only a single supply is necessary.

Fig. 37.12 Air-coupled
sensors are used for the
sensor network
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37.6 Conclusion

Structural Health Monitoring based on Lamb waves is a promising technology for
in-service inspection of aerospace structures. For the design of SHM systems in
respect to different application requirements the visualisation of the wave propa-
gation field is essential. As presented, the air-coupled ultrasonic scanning tech-
nique is a suitable methodology for this task, especially the recording of the
complete wave propagation field by volume data files. These data files in com-
bination with different analysis tools provide the basis for the design of actuators,
sensors, signal processing and algorithms for damage detection. It has been shown
that the signal of virtual sensors can be simulated using the scanned propagation
field. It could be demonstrated that mode selective actuators are able to excite a
particular Lamb wave mode in a CFRP plate. The design and manufacturing of
reliable actuator and sensor networks are presented. Finally, a concept of damage
detection in a helicopter tailboom has been shown.
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