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Abstract

With increased demand for carbon fibre reinforced parts, automated manufactur-
ing methods like fibre placement are well established for aircraft and spacecraft
manufacture. However the automated manufacturing process is still in development
despite its extensive use in industry. The quality of the automated deposition pro-
cesses heavily depends on the tack of the preimpregnated thermoset fibres. Without
sufficient tack the fibres do not stick to the surface and the process will fail. One
key aspect to influence the magnitude of tackiness and therefore the quality of parts
attainable from the thermoset Automated Fibre Placement process is the impact
of the heat source. For most industrial applications, an infrared heater is used and
suitable process windows are still defined by trial-and-error approaches. Further, to
utilize AFP’s strong potential to deposit fibres on complex curvature surfaces or even
steer the slit-tapes along a load path, the need arises to analyse emerging defects
like gaps or bridging. The deformability of the compaction roller further influences
tack with contact time and compaction pressure. Commercially available software
solutions allow the kinematic offline-simulation of the lay-up process, but do not
take into account any process parameters or material properties. To reduce this gap
in design and to understand the complex interactions of the process parameters the
main goal of this thesis is the coupling of those thermal and mechanical interactions.
Different analytical and numerical models were developed to achieve this goal. Ro-
bust thermal prediction tools in different dimensions are presented, and validated
with experiments with very good agreement to simulation values. The deformation
behaviour of an industrial compaction roller on convex and concave tooling is stud-
ied and a simulation model of the roller developed that is able to accurately predict
the deformation behaviour and pressure distribution under the roller. With the in-
dividual thermal and mechanical models a sequentially coupled thermal-mechanical
model with geometry update is developed that is able to capture the continuous
placement process, including the result variables compaction pressure, contact time
and process temperature. Further, an analytical relationship between adhesive fail-
ure and compaction pressure, process temperature and feed rate is found, with good
agreement to experimental results from literature.
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Zusammenfassung

Durch die zunehmende Nachfrage von kohlefaserverstärkten Bauteilen in der Luft-
und Raumfahrt sind automatisierte Fertigungsverfahren wie Tapelegen und Auto-
mated Fibre Placement fest etabliert. Trotz des weitreichenden Einsatzes in der
Industrie befinden sich diese automatisierten Verfahren noch in der Entwicklung.
Die Qualität der automatisierten Ablage hängt sehr von der Klebrigkeit der im-
prägnierten Fasern ab. Ohne ausreichende Klebrigkeit werden die Fasern nicht auf
der Werkzeugoberfläche haften und so den Prozess gefährden. Einer der Haupta-
spekte, welcher die Klebrigkeit und damit die Qualität der Ablage beeinflusst, ist
der Einfluss der Wärmequelle. Für die meisten industriellen Anwendungen wird
eine Infrarot-Lampe verwendet, und entsprechende Prozessfenster durch Versuche
bestimmt. Um das Potentials des AFP’s ausnutzen und Fasern auf einer komple-
xen Geometrie, oder gar lastpfadgerecht in der Ebene gekrümmt abzulegen müssen
auftretende Effekte wie Spaltbildung oder Brückenbildung untersucht werden. Die
Klebrigkeit wird ebenfalls durch das Verformungsverhalten der Kompaktierungsrolle
beeiflusst, da diese von der Höhe und der Dauer des aufgebrachten Druckes abhän-
gig ist. Kommerziell verfügbare Software lässt eine kinematische Offline-Simulation
des Ablegeprozesses zu. Allerdings werden weder Prozessparameter noch Materia-
leigenschaften berücksichtigt. Um diese Lücke in der Entwicklung zu schließen und
die komplexen Zusammenhänge der Prozessparameter zu verstehen ist das Ziel die-
ser Arbeit, eine Kopplung dieser thermischen und mechanischen Zusammenhänge zu
untersuchen. Dafür wurden verschiedene analytische und numerische Modelle entwi-
ckelt. Es werden robuste Werkzeuge zur thermischen Simulation in unterschiedlichen
Dimensionen präsentiert, welche anhand von Versuchen mit sehr guten Ergebnissen
validiert wurden. Die Deformation einer industriell eingesetzten Kompaktierungs-
rolle wurde auf verschiedenen konvexen und konkaven Oberflächen untersucht, und
daraus ein Simulationsmodell abgeleitet, welches das Verformungsverhalten sowie
die Druckverteilung unter der Rolle akkurat abbildet. Weiterhin wurde ein analy-
tischer Zusammenhang zwischen adhäsivem Versagen und Kompaktierungsdruck,
Prozesstemperatur und Ablegegeschwindigkeit ermittelt, welcher durch Ergebnisse
aus Literatur validiert wurde.
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Nomenclature

Symbols

Arabic letters

a [mm] bisected contact area for hertzian contact
A [mm2] contact area
AC [%] true contact area
am [N/mm] scale factor for maximum adhesive energy release rate
B1 [N ·mm2] bending stiffness
c [−] constant surface roughness coefficient
cp [ J

gK
] specific heat

dW e [J ] stored elastic energy of the peel material
dW v [J ] dissipated plastic energy of the peel material
Ei [ N

mm2 ] elastic modulus
F [N ] compaction force
FLB [ N
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] line load due to grafity

FP [N ] peel force
FPS [N ] compaction force evaluated by PRESCALE
FTM [N ] compaction force measured by universal testing machine
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Gij [ N

mm2 ] shear modulus
GICadh [N/mm] energy release rate due to adhesive failure
GICcoh [N/mm] energy release rate due to cohesive failure
GIC [N/mm] energy release rate
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gmax [mm] maximum allowable gap
h [mm] ramp height
h0 [mm] stack thickness
ksigma [−] empirical peel tack parameter
kT [−] parameter dependent on bond deformation
l0 [mm] overhang length of sample
l1 [mm] gap length at bottom plane
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l2 [mm] gap length at top plane
lr [mm] path length on inclined plane
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m [−] empirical peel tack parameter
mS [g] mass of sample
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p [MPa] normal contact pressure
pcorr [−] correction factor
q̇ [ W

mm2 ] heat flow vector
R [mm] roller outer radius
rmin [mm] minimum steering radius
T [◦C] temperature vector
v [mm

s
] peel rate

W [mm] width of the peel material
wi [mm] distance between two paths

Greek letters

α [◦] path angle
ε [−] error criterion for path optimisation
ε [−] emissivity
ηT [Pa · s] temperature dependent viscosity of the resin
γ [◦] theoretical steering angle
γmin [◦] minimum allowable steering angle
λi [ W
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] heat conductance
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ϕf [−] fibre volume fraction
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mm3 ] density
θ [◦] ramp angle
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1. Introduction

With increasing energy cost the demand for fuel efficient products under similar
or even elevated performance requirements arises. To achieve this goal there is the
need for the continuous improvement of products to fully utilize their light weight
potential.
Parts made from carbon fibre reinforced plastics (CFRP) combine these opposed
goals of light weight design with elevated performance, as the specific strength and
stiffness of CFRP parts exceed those made from metal [1]. CFRP consist of at least
two components: the matrix and the fibres. The mechanical stiffness and strength
is essentially carried by the fibres, while the matrix allows for the fixation of the
fibres in their desired position, stabilisation of the fibres in compressive and shear
load cases and the load transfer between individual fibres [2]. This concept allows
the designer to fully utilize the anisotropic behaviour of the composite and create
effective parts suited to their application. In the aerospace industry composite ma-
terials are already used in a wide range of products, e.g. the Airbus A350XWB or
the Boing 787 Dreamliner consist of over 50 % of CFRP [3].
CFRP parts are usually manufactured from a layup of dry fibres that are infiltrated
by resin, or a collation of fibres preimpregnated with resin - so called prepregs [4].
Prepregs are suitable for hand lay-up, filament winding and many automatic lay-up
processes. The component is built up iteratively on a tool surface, with individual
prepreg layers that form the complete part. After layup, the laminate is consolidated
and cured in the presence of pressure and temperature to obtain the final product [5],
usually inside an autoclave for aerospace applications. During layup and after cure
the plies are inspected for layup quality [6]. As a near-net-shape is usually not pos-
sible for CFRP, the part boundaries are machined to limits, and further assembled
in the case of a multi-component part.
In the past the low level of automation was the main driver for the high cost of
this technology. However, there was great progress in terms of automation of CFRP
parts within the last decade. One of the most promising processes for the automated
manufacture of high performance CFRP parts is the Automated Fibre Placement
(AFP) process. With the high level of automation there is great potential in time
and labour cost, and with cut-and-restart capabilities scrap may be reduced.
For the improvement and expansion of the application of the AFP process and
the associated process manufacturing chain the introduction of process simulation
is a valuable tool. Process simulation provides a basis for a well-founded physical,
mechanical and thermodynamic understanding of the process. In the product de-
velopment chain simulation may be used to substitute for experiments and gain
optimum process parameters. With the advancement of computational capacity,
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2 1.1 Thesis objective

product engineering is enhanced with a faster and cost improved process chain. Dif-
ferent process phenomena may be distinguished in process simulation and provide
important variables, that cannot be directly determined by experiments [7]. A fur-
ther field of operation for process simulation is the side by side application along
with the main work-flow of the process chain in terms of quality management. For
verification and to ensure a constant high quality of the process control and regu-
lation of the process is imperative. Process simulation may deliver required input
values for quality control [1].
There are some promising approaches to process simulation of the AFP process, that
are reviewed in detail in the individual chapters of this thesis. However, no process
model so far covers all relevant phenomena of the process. Further, most process
models over-simplify the process by dimensional reduction or further assumptions.
Commercially available software up to this point solely covers kinematic process
simulation without input of process or material properties.

1.1. Thesis objective

The main objective of the research work presented in this thesis is to develop phys-
ically based process simulation models for the Automated Fibre Placement process.
These start from the analysis of basic AFP layup and lead to the detailed research
of the placement on the complex geometry of a tapered honeycomb chamfer. The
models shall include the relevant AFP process variables. Understanding the impact
and the implication of the heat source to the process is vital for defining a stable
process window. Tack of the deposition material plays a vital role in layup quality.
An AFP specific model is developed incorporating all relevant boundary conditions
to study the impact of variations of process variables. Further, the manufacturabil-
ity of multiple curved tool surfaces is studied by the analysis of the deformability
behaviour and the pressure distribution of an industrial AFP compaction roller. For
understanding of the complex interaction of thermal and mechanical phenomena
during the AFP process, different models are developed, from which the desired
process variables are deduced. The main goals of this thesis may be summarized
with:

• Study and accurately predict the complete temperature history during the
thermoset AFP process including heat up and cool-off phases during placement
including the effects of a diffuse infrared lamp. The geometry may consist of
arbitrary tool shapes, up to multi-material tools such as a tapered honeycomb
on aluminium.
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• Understand deformability, contact length and contact pressure of AFP com-
paction rollers for their use on the complex geometry of a tapered honeycomb
tool.

• Predict all relevant AFP process parameters for the placement on a tapered
honeycomb structure by the means of a thermo-mechanically coupled simula-
tion model.

• Analyse and predict the adhesive behaviour of the deposition material

1.2. Structure of the thesis

Chapter 2: Principles and state-of-the-art of Automated Fibre Placement and
motivation for this work Chapter 2 presents the historical development and the
detailed principle of the AFP process. Advantages of the process along with its
restrictions are discussed. Additionally process parameters for the thermoset AFP
process are deducted. Commercially available AFP simulation software are listed
along with the basic work flow. Finally, the research needs and motivation for this
thesis are explained as a bridge to the following chapters.

Chapter 3: Kinematic and mechanical analysis of the AFP process In Chap-
ter 3 the mechanical aspects of the AFP process are studied. After the literature
review, some thoughts on kinematic simulation are presented, along with experi-
mental analysis of gaps during the placement on a tapered honeycomb. Further,
the deformability of an industrial compaction roller for AFP is studied and a sim-
ulation model of the non-hertzian deformation behaviour is deducted. Additionally,
the through-thickness compaction behaviour of a prepreg stack with AFP boundary
conditions is investigated experimentally.

Chapter 4: Thermal measurements and thermal models for AFP After a thor-
ough literature review of existing thermal process models for AFP, current thermal
material models are derived. These are the input for the developed 1D, 2D and 3D
thermal models that are explained in detail. Experimental test setups and measured
temperature are presented. The experimental values are compared to simulation
results of the process models. Finally the influence of process parameters and the
validity of the pure thermodynamic models is discussed.

Chapter 5: Thermo-mechanically coupled model of the AFP process Chapter 5
describes the development of a temperature dependent bending model for an uncured
UD prepreg tape. In combination with the information of previous chapters about
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thermal and mechanical models, a sequentially thermo-mechanically coupled model
is derived, that predicts the placement on a tapered honeycomb.

Chapter 6: Tack in Automated Fibre Placement - theory and application With
the input variables process temperature, compaction pressure and layup velocity, an
AFP specific process model for tack of prepreg tapes is developed in Chapter 6. The
model than is applied and compared to experimental values from literature.

Chapter 7: Conclusions and future applications Chapter 7 concludes the thesis
with a summary of the work conducted, and the implications of the work towards
industrial applications. Additionally, possible future applications of described models
are discussed, along with further research needs to increase the level of detail in the
AFP process simulation.



2. State-of-the-art of Automated
Fibre Placement and motivation
for this work

The extended availability and declining prices for carbon fibres in the 1960s, pro-
moted the interest in the development of an automated placement process for
prepregs. These can consist of non-crimp-fabrics (NCFs), woven fabrics or unidi-
rectional (UD) layers, which are impregnated with a thermosetting or thermoplastic
resin. As part of the commercialisation of carbon fibres in the late 1960s, Automated
Tape Laying (ATL) was developed [8]. ATL was designed as an alternative for the
slow and imprecise manual layup [3].
In the year 1974 Goldworthy [9] patented a cutting mechanism for a machine head,
which could divide a wide tape into narrower strips. This step was a response to
the disadvantages of placing a wide tape on a multiple curved surface. The patent
of Goldsworthy is mentioned in literature as the first available AFP machine [3].
AFP technology finally found its way into industry in the late 1980s as a synthesis
of filament winding and ATL [3]. The controlled parameters are layup rate, com-
paction force, process temperature and tension of the tapes. The advantages which
distinguish the AFP process from other automated processes are, among others, the
increased degree of material utilization, the increased freedom in design and im-
proved mechanical properties.
The increasing demand for thermoplastics for structural applications in the aerospace
industry has led to the adaptation of thermoplastic materials in AFP. Since ther-
moplastics must be heated above their melting point, thermoplastic AFP permits a
lower layup rate than with thermoset materials. Further, with phase change of the
material of melting and solidifying, temperature control of the process is imperative
for consolidation and in situ quality.
In the years after the introduction of the AFP technology the number of scientific
publications about the AFP process increased greatly and have exceeded the pub-
lications on ATL since the 1990s [3], compare Figure 2.1. It is presumed that this
trend will continue, as the AFP process is realistically still in development and is
not fully understood yet.
AFP has great potential for the manufacture of complex parts in a range of different
scale magnitudes, and will find its way into automotive applications in upcoming
years. It is therefore imperative to gain knowledge in the basic physical mechanism
during AFP to optimize the process.

5



6 2.1 Principles of the Automated Fibre Placement process

Figure 2.1. Development of scientific publications on ATL and AFP, Figure from
Lukaszewicz et al. [3]

2.1. Principles of the Automated Fibre Placement
process

The AFP process is largely viewed as an additive manufacturing process [10]. Uni-
directional (UD) prepreg tapes are deposited on a tool surface sequentially. A roller
system separates the tapes from a release film and conveys them to the AFP head to
be placed. A freely rotating compaction roller presses the tapes on the tool surface,
so the tapes are pulled of the spool by friction between roller, tool and tapes.

A fibre placement machine consists of nine different parts, explained in the following:

Compaction roller (1) The compaction roller’s function is to apply sufficient pres-
sure to the slit-tapes, so they stick to the tool surface. The roller needs good defor-
mation behaviour for an adequate conformation to a curved surface. Further, the
roller needs to be treated with a release film, so that the tacky slit-tapes do not stick
to the roller surface instead of the tool. When the roller presses the material on the
tool surface, the resulting friction is enough to pull the tapes from their spools. The
compaction roller is usually made of silicone rubber [3], in the case of the Coriolis
Composites AFP machines the roller consists of polyurethane foam treated with a
release film.
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Figure 2.2. Coriolis Composites AFP machine (left) with design principle (right)

Heat source (2) A heat source is needed to enhance the adhesive behaviour of
the slit-tapes in the case of thermosetting resin systems. In most industrial scale
thermoset AFP machines, an infra-red (IR) lamp is used, that heats the area in
front of the nip point, the tapes themselves are not irradiated. In thermoplastic
AFP, it is beneficial to also heat the incoming tapes to enhance bond formation.

Cutting unit (3) The cutting unit cuts the tapes individually inside the machine
head. This enables a near-net-shape manufacture. The cutting mechanism works
usually with a guillotine or a rotating knife principle. The cutting unit is designed
to be as close as possible to the nip-point, as the length between cutting unit and
nip point defines the minimum cut length - the minimum length of the tapes to be
placed.

Feeder rollers (4) The feeder rollers are mounted inside the machine head, in front
of the cutting unit. Their function is to hold the tapes once they are cut, and feed
them to the nip point when the tapes need to be (re-)started. The feeder rollers
force the tapes forward, until the tapes are pressed on the tool by the compaction
roller and pulled out by friction. Then the feeder rollers are released and allow free
movement of the slit-tapes.

Deposition material (5) The deposition material is driven through guiding chan-
nels in the machine head towards the compaction roller, to be deposited on the
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tool surface. Usually the material is manufactured from prepreg tapes slit to desired
width. Therefore the deposition material is referred to as slit-tapes in the following.

The slit-tapes have adhesive characteristics, so they stick to the tool surface. A
detailed description of general AFP material can be found in Section 2.1.3.

Machine head (6) The machine head incorporates the housing for all relevant
parts of the fibre placement machine.

Depending on the design of the machine head, it is capable of placing between
one and 32 individual slit-tapes simultaneously. For every slit-tape individual feeder
rollers, cutting units, guiding channels and material storage need to be available.

Force application and clearance adjustment (7) One of the AFP process param-
eters is compaction force. In industrial scale AFP machines, the compaction force is
usually applied by pneumatic equipment. This equipment also incorporates a clear-
ance adjustment, so compensation of small geometric irregularities is not purely
covered by the deformability of the compaction roller.
In the case of the Coriolis Composites AFP head, the machine is able to compensate
±10 mm of vertical distance.

Six axis robot (8) The AFP head is mounted on a robot with a minimum of six
axes. It must be able to reach all required positions within the robotic cell. The
robot may be of a gantry type design or of the design of a robotic arm. Further axes
may be added for a linear motion of the complete robot or movement of the tool.

Individual material storage and issue (9) The material to be placed is stored
individually on spools. In the case of thermoset resin system, the storage unit needs
to be cooled and humidity controlled. There are concepts for AFP machines that
have the material storage on the placement head, travelling along with the robot, and
concepts with individual storage creels that need variable tape guiding channels [11]
that guide the tapes towards the placement head.

Tape tension needs to be controlled, so there is constant and as little as possible
tape tension throughout the process. Variable systems exist to maintain stable tape
tension. In the case of Coriolis Composites, the concept of the "Multiwinch®"[12] is
employed. This ensures constant minimal tape tension on the placement head.

Tool The tool is not part of the AFP head. However it is crucial for the AFP pro-
cess. It is independent of the fibre placement head, and is contained in the robotic
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cell. It may be designed freely in concave and convex curvature, with the single geo-
metric restriction of collision avoidance of the placement head. The tool is mounted
on a tool carrier, which may have additional degrees of freedom. The tool surface
needs to be treated with a release agent or alternatively with a vacuum bag, so the
placed laminate can be safely removed for curing.

2.1.1. Process advantages

The AFP process is the advancement of filament winding and ATL. It combines the
advantages of both processes, which are discussed in the following:

Cut-and-restart capability along with reduction of material scrap The ability
of the AFP process for cut-and-restart operations is one major advantage. With this
capability it is possible to implement sectoring [13], i.e. various fibre angles on a
lamina level.
Closely related to cut-and-restart capabilities is the reduction of scrap. As the ma-
chine is able to closely cut and restart material, a near-net-shape preform is possible
to manufacture. Figure 2.3 shows the manufacture of a flat plate with cut-out of a
circular hole

Figure 2.3. Reduced material scrap with the help of cut-and-restart operations and near
net shape manufacture

Scrap reduction of AFP is a major cost advantage compared to other processes, as
material scrap is reduced up to 37 % [8].

Automated manufacturing method The automated nature of the process implies
that it is precise and repeatable. Further, the cost of manual labour is reduced
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considerably, along with elevated material throughput. Soutis [14] interprets that
manufacturing cost of manual layup are 60 % higher compared to automated layup.
However Krolewski and Gutowski [15] state that with a low part volume typical for
the aerospace industry the high material cost and high initial investment negates
the saving in manual labour. Nevertheless they conclude that automation is critical
for future application, and they advice on parts designed for manufacturability in
three points:

• Create repetitive manufacturing steps,

• Improve part quality and reduce material cost and

• Reduce the cost of equipment, in particular the autoclave investment cost.

Variable stiffness composites With the six degrees of freedom of the placement
robot, there is the possibility to manufacture variable stiffness composites [13] (Fig-
ure 2.4) with in-plane steering of the fibres along a defined load path.

Figure 2.4. A panel manufactured with fibre steering, therefore increasing eigenfrequencies,
compare Tatting and Gürdal [16]

Open contoured multiple-curved tool surface With the adhesive behaviour of
the slit-tapes and the deformability of the compaction roller, it is possible to man-
ufacture open contoured convex and concave surfaces. Further, with the individual
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slit-tapes and steering capabilities, it is possible to manufacture multiple-curved
surfaces.

In situ manufacture for thermoplastic fibre placement Sarrazin and Springer [17]
state that the in situ manufacture of CFRP parts with thermosetting matrix is not
possible, as the heat input is not sufficiently long enough. They claim that the maxi-
mum reached cure stays below 2 %. However, with the introduction of thermoplastic
fibre placement with laser heating, in situ manufacture has become possible re-
cently [18]. However, full on-the-fly consolidation still requires an extended amount
of research. Nevertheless this opens up many possibilities of cost reduction as well
as size restrictions, as an autoclave is no longer needed for consolidation.

2.1.2. Process restrictions

Although the process has many advantages, there are some restrictions concerning
cost and efficiency as well as process restrictions.

Cost of tape material and initial investment Depending on the size of the part to
be manufactured by AFP and the amount of debulking cycles, material cost makes
up to 30 % of the total manufacturing cost [19].
The AFP material is, compared to other CFRP materials, relatively expensive. The
reason for that is twofold: First, the demand for slit UD prepreg tape is low. Nowa-
days AFP finds its application solely in the aerospace industry, where precision and
repeatability are key factors in manufacture. Here the material throughput is little
compared to automotive industry. Second, the slit-tapes require an additional step
in manufacture. Wide UD Prepreg roles need to be cut to achieve the exact width
of the slit-tapes, and added to another spool with additional backing paper. This
further increases the material cost.
Mazumar [5] states material cost for aerospace parts hand layup from 33e/ Kg to
220e/ Kg. The cost for aerospace grade slit-tape material are around 200e/ Kg,
an increase from 13 % to 650 %, given the current currency exchange rate. It is pre-
sumed that the highly reduced scrap rate compensates only partly for the elevated
material cost.
Further, the cost of initial investment is considerable higher than manual layup. The
cost of a complete AFP cell is well in excess of 1M e. Additionally, tool cost as well
as the cost for autoclave curing increase the total initial investment further.

Material variability Between each path of the placement usually a gap is defined
to accommodate for variations in material width or machine control issues, compare
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Lukaszewicz [6]. The risk of material variability in automated layup is high, as
usually there is no online control of the material to be placed in an industrial scale
AFP process.
Potter et al. [20, 21] state a significant variability in resin content of up to 2 %.
They find a variability in fibre misalignment of up to 3.8 ◦ and conclude that design
practises need to include these variations. Potter further states [22] that there is little
possibility to improve on the variability of prepreg as-delivered from manufacturer,
but that the specification for variability needs to be sufficient.
Crowley et al. [23] propose the establishment of acceptable levels of variations to
avoid scrap parts. As the detection of flaws in a part is only possible at the last
production step, the embedded cost of the scrapped part is maximised. They propose
acceptance criteria [24] for individual process steps and compare these measurements
to a proposed defects knowledge-base.

Control of process variables The control of the process variables compaction
pressure, layup rate and temperature is challenging. Most process variables are in-
teracting. The layup rate influences process temperature, as the heat source has
more time to dwell at a specific area. With decreased compaction pressure, thermal
contact efficiency increases, influencing the temperature distribution. Further, layup
rate as well as compaction pressure may change within one single lay down pass.
Therefore, control of the process variables is imperative. In industrial scenarios, most
process variables are fixed to a certain level, and are determined experimentally by
process testing.

Necessity of an autoclave For thermoset AFP, the following process step after
layup is cure in an autoclave. There are concepts for Out-of-Autoclave (OoA) cure
aerospace grade materials [25], however they are still in a state of development.
Sarazzin and Springer [17] state that in situ cure for thermosetting resin systems is
not possible using AFP.
State of the art for thermoplastic AFP is the consolidation of the layup inside an
autoclave. This reduces voids in the layup as well as increases bond strength between
layers. Nowadays, in situ layup for thermoplastic AFP becomes possible [18]. How-
ever, before this technology can be advanced to an industrial level, more research is
necessary.

Material throughput The theoretical calculated material throughput for AFP ma-
chines is stated from Lukaszewicz [6] (Figure 2.5).

However, realistic material throughput ranges around 10 Kg/h [3], as most of the
machine time originates from secondary operations, e.g. turning and positioning.
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Figure 2.5. Material Throughput of AFP compared to ATL in part size (left) and layup
rate (right) [6]

Minimum cut length The distance between the cutting unit and the nip point
of the compaction roller - minimum cut length - restricts the minimum length of a
slit-tape path to be placed. This means a slight increase in material scrap as well as
a deviation from near-net-shape, especially in corners of the layup where the length
of a placement paths would be below this minimal length. However, this restriction
has little influence on the process, and is assumed to influence material cost as well
as production time only marginally.

2.1.3. AFP material

AFP material can be divided into three categories:

1. Dry bindered fibres

2. Fibres preimpregnated with thermoset resin

3. Fibres preimpregnated with thermoplatic resin

Most commonly used material in an industrial scale are fibres preimpregnated with
thermoset resin. There are two ways to manufacture the tapes: to cut them from a
UD prepreg spool with much wider size - so-called slit-tapes. This has the advantage
that the width of the tapes, as well as thickness and fibre volume fraction, is con-
stant. Second, fibre tows with a certain filament count can be spread to a specified
size and impregnated with resin - so called tow-pregs. There the advantages are that
all fibres are continuous and are not cut. Further, the price for tow-pregs is lower
than for slit-tapes. The width of AFP material ranges from 3.2 mm to 25.4 mm.
A relatively new and upcoming technology is the automated placement of dry
bindered fibres. They allow for a expanded freedom in design, as more complex
geometry as well as smaller steering radii are possible to manufacture.
Further, fibres preimpregnated with thermoplastic resin - thermoplastic tapes - are
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used for in situ manufacture of CFRP with thermoplastic resin systems. During
placement the resin is melted with a heat source, and the tape is welded to the
underlying substrate.
In current study the focus is in areospace grade thermoset slit-tape, therefore a
detailed description of material properties of dry fibres or thermoplastic tapes is
omitted.

2.2. Thermoset AFP process parameters

The AFP process offers high freedom in design, as complex parts with multi-material
tooling and limited size as well as large parts with relatively simple design, e.g. skin
structures for aerospace industry [26], are possible. Therefore, the process variables
of AFP need to be adjusted to suit the requirements.
The main process variables are stated below along with a detailed description.

2.2.1. Adhesive behaviour of the slit-tapes

The AFP material is compacted onto the tool surface or the already placed plies.
In order for the slit-tapes to stick to the surface without further treatment, the ad-
hesive behaviour of the tapes is employed - so called tack. The behaviour of tack
can be characterized in the form of Pressure Sensitive Adhesives (PSAs) [27], as
the resin acts as a viscoelastic material. The magnitude of tack is closely related to
process temperatures as well as contact time and contact pressure. The tack of the
slit-tapes must be sufficiently high to stick to the tool surface. On the other hand,
within the delivery chain to the tool surface inside the placement machine tack must
be reduced so the tapes do not stick to guiding channels or roller systems. There-
fore most industrial AFP machines contain temperature control with active cooling.
During placement, the compaction roller presses the tapes to the tool surface. The
compaction roller needs to have a release film so the tack between roller and tapes is
less than the tack between tapes and tool surface. When the tool surface is treated
with a release agent, special care needs to be taken to avoid any rolling up of the
tapes on the compaction roller.

2.2.2. Process temperature

A heat source elevates surface temperatures of the tool or already placed substrate in
front of the nip point. When the tapes to be placed touch the surface, resin viscosity
is reduced and therefore the tack of the material is enhanced. Without sufficient
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temperature, the tack level of the material is too low, therefore the material does
not stick to the tool surface and the process will fail.
However, temperature must not exceed the material level to avoid premature partial
cure or artificial ageing of the material [28].
The complete layup needs to be considered, as every layer gets heated up repeatedly
with every pass of the robot. Control of the temperature process window is one of
the main challenges of the thermoset AFP.

2.2.3. Contact pressure distribution of the compaction roller

Tack is dependent on contact pressure as well as pressure dwell time, as it acts like
a PSA. Therefore, contact pressure needs to be sufficiently high for tack to develop.
The deformation behaviour of the compaction roller influences pressure magnitude
as well as contact length. The more deformable the compaction roller, the higher
contact length as well as lower pressure magnitude.
However, when placing on a honeycomb surface, pressure must not exceed the core
crush limit of the honeycomb. When the process does not allow for high compaction
pressures, it is possible to substitute pressure with reduced layup rate [27].

2.2.4. Layup rate

In view of material throughput, the layup rate of a specific AFP machine needs to
be maximised. However, as tack acts as a PSA, contact dwell time influences tacki-
ness. There is an inverse proportional relationship of layup rate and tack. When the
layup rate is reduced, the applied compaction pressure is allowed to act longer on
the tapes, therefore increasing contact formation [27].
These are contradictory requirements. For a fast process with high material through-
put a high layup rate as high as possible is needed, for a stable process with high
tack properties, a as slow as possible process is needed. It is therefore important
to optimize the AFP process to a maximum layup rate with sufficiently high tack
properties.

2.2.5. Further parameters

The AFP process depends on a variety of process influencing factors, depending on
the material choice as well as environmental conditions.

Surface roughness Tack of the material is, among others, dependent on surface
roughness of both contacting partners [29]. Surface roughness influences the degree
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of intimate contact as well as the type of bond formation [30]. Further laminate qual-
ity aspects,e.g. interlaminar shear stiffness or peel strength also depend on surface
roughness of the material.

Tool material The tool material highly influences the mechanical and thermal
process behaviour. With the surface roughness of the tool, intimate contact is influ-
enced. Process temperature depends on the magnitude of thermal conduction into
the tool material [28]. Emissivity of the tool surface influences the temperature up-
take during the first ply. Usually the tool is treated with a release agent or vacuum
bag to prepare for layup removal.

Material shelf life Thermoset slit-tapes need to be stored in frozen condition to
reduce the polymer bonding reaction. However, the age of the material even under
cooled conditions influences its behaviour as well as its tackiness.

Humidity Tack is further depending on the humitiy of the enviroment, as well as
the out-time of the material. Further, humidity influences process temperature, with
elevated specific heat levels when vapour or water is stored inside the material.
The focus of this study was not on environmental conditions, therefore all further
material parameter were assumed to be constant within this study.

2.3. Commercially available AFP simulation software

The AFP process contains many operations, that partly need to be executed simul-
taneously. Along with the six degrees of freedom of the placement robot come cut
and restart operations, control of the heat source and the application of the com-
paction force. Therefore, online programming of the robot, so called teaching, is not
feasible concerning AFP. In conclusion, offline programming software for the AFP
process needs to be utilised.
Most manufacturer of AFP machines offer commercial offline programming soft-
ware. Additionally there are some AFP specific software available that offer machine
independent programming possibilities. Table 2.1 sums up commercially available
software tools alongside the AFP equipment manufacturer. The software tools are
either stand alone or implemented in a CAx software environment.

All above mentioned software employ a pure kinematic approach for offline program-
ming and offline simulation. Therefore, the software allow for collision avoidance and
kinematic evaluation of gaps, overlaps and steering radii. However, neither process
variables nor material behaviour are considered.
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Manufacturer Placement Head Software manufacturer Software-Name
Automated Dynamics Automated Dynamics FPM, FPS
Broetje Automation Broetje Automation Soul

CGTech/ AFPT/ Electroimpact CGTech VERICUT
Coriolis Composites Coriolis Composites CADFiber, CATFiber

Ingersoll Ingersoll iCPS
MAG MAG ACES

Mikrosam Mikrosam MikroPlace
- Siemens Fibersim

Table 2.1. Compendium of commercially available software packages for kinematic offline
analysis of the AFP process

The usual workflow of the offline programming of an AFP layup may be summarized
in following steps:

1. Tool surface definition with either geometry or mesh based approach

2. Defining guide curves

3. Ply-boundary definition

4. Layup evaluation

5. Kinematic simulation

6. NC output

Therefore it must be concluded that a pure kinematic simulation allows to manage
for the AFP robot to complete the programmed course without collision. However, to
accurately predict the material behaviour and the influence of process variables like
compaction pressure or layup rate, models with higher details need to be developed.

2.4. Conclusion and motivation for this work

The APF process is well established in the aerospace industry, and is now advanc-
ing towards automotive [31]. For an industrial scale AFP process, feasibility and
process parameters are determined through trial-and-error. In commercially avail-
able software packages, regulation of the power output, and therefore the process
temperature, is usually solely dependent on the kinematics of the placement head
and is independent of tool or slit-tape material properties. When considering multi-
material toolings, e.g. the aforementioned combination aluminium-honeycomb, heat
output of the heat source is not regulated, leading to highly irregular process temper-
atures. Further, layup rate as well as compaction force along with the deformation
behaviour of the compaction roller is determined empirically, leaving room for im-
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provement at productivity and material throughput. Multiple curved surfaces are
considered kinematically, leaving out the deformation behaviour of the compaction
roller. Therefore, emerging defects like bridging are not detected a priori and increase
the cost of the process.

Therefore, to reduce this gap in design, simulation models as well as process studies
are conducted within this study to gain understanding of the AFP process regarding
the process parameters tack of the material, thermal input during the process as well
as the layup speed.

From the kinematic input of an industrial offline programming software for AFP
and the applied compaction force of the robot actuator, the deformation behaviour
of the compaction roller was determined experimentally and simulative. Depending
on layup rate and heat output of the heat source process temperature are measured
and compared to simulation results. With the knowledge of the key parameters
temperature, compaction pressure and layup rate a model is developed for the char-
acterisation of prepreg tack under AFP conditions.



3. Kinematic and mechanical
analysis of the AFP process

To utilize AFP’s strong potential on multiple-curved surfaces such as tapered sand-
wich structures, it is important to analyse and control emerging effects like gaps,
bridging, and non-geodesic steering. An analytical relationship between path gener-
ation and effects of the AFP manufacture of tapered sandwich structures was found
with good agreement to experimental tests. The deformation behaviour of an indus-
trially used compaction roller has been analysed numerically and experimentally.
The results show a non-uniform deformation behaviour on flat and curved surfaces
and the limited deformability of the compaction roller.
Further, the compaction behaviour of an aerospace grade toughened prepreg was
experimentally studied under AFP process conditions. The results show that the
slit-tapes may experience significant reduction in thickness during layup.

3.1. Literature review

3.1.1. Open contoured multiple curved surfaces

Specific parts like honeycomb sandwich structures with high strength-to-weight and
stiffness-to-weight ratios are well understood [32] and are well established. Recent
developments show the advantages of tapered sandwich structures. Oster [33] de-
scribes a combination of monolithic and CFRP / Nomex honeycomb construction
resulting in especially light and stiff CFRP cells in helicopters. The effects of the
manufacturing procedure on fracture mechanisms of tapered sandwich structures
are studied by Di Bella et al. [34]. The high performance of asymmetrical sandwich
structures was demonstrated by Castanié et al. [35] in experimental and theoretical
analysis. They found asymmetric sandwich structures to be extremely resistant to
static shear / compression tests [36].
The AFP process is well-established for the manufacture of flat or single-curved
surfaces. For the combination of tapered sandwich structures with the benefits of
the AFP process, little work is available. To utilize AFP’s strong potential to de-
posit fibres on complex curvature surfaces such as tapered honeycomb sandwich
structures or steer the slit-tapes along a load path, it is important to analyse and
control emerging defects like gaps, overlaps and bridging. Paris et al. [37] describe
the failure mechanisms of AFP manufactured sandwich ramps under tensile loading,
however they do not go into detail about the manufacturing procedures. Offline tra-
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jectory programming is still an area of ongoing research, although Shirinzadeh and
co-workers [38–40] studied different path-planning algorithms for the AFP process
in detail. Usually a point-cloud or mesh-based system is utilized for the path gener-
ation on the tool surface. Blom et al. [41] defines different path-generation methods
for an analytically defined surface. In most cases path-generation algorithms work
under the assumption of a differentiable surface, e.g. smooth surface without kinks.
Lichtinger et al. [42] study the effects of gaps and bridging on tapered honeycombs,
including the deformation behaviour of an industrial compaction roller as well as
emerging gaps between two courses on a ramped structure.

3.1.2. Roller deformation

Another important factor is the compaction device of the AFP head. Schledjew-
ski [43] stated the importance of the orientation of the compaction roller. With a
deviation of 3 % from the normal vector the peel force reduced considerably when
using a rigid compaction roller. Therefore it is imperative to use a conformable com-
paction device on multiple curved surfaces. Usually the conformable behaviour is
achieved using a soft silicone roller [3]. Crossley et al. [44] stated a direct relation-
ship between compaction pressure and tack of thermoset prepreg. Lichtinger et al.
[29] proposed a theoretical relationship between normal pressure, contact time and
tack properties of slit-tapes. Therefore an AFP compaction roller has to conform to
the tool surface as well as apply sufficient normal pressure. This especially applies
for concave tool geometries, as insufficient tack will lead to the bridging of the slit-
tapes between two contact points. On the other hand the normal pressure of the
compaction roller must not exceed the core crush limit of a honeycomb structure [45].
This leaves a specific process window for compaction force and roller deformation
behaviour.
One of the first to take the pressure distribution underneath a compaction roller
for AFP processes into account was Helenon et al. [46]. They modelled part of an
industrial scale compaction roller using a linear FEM approach with a isotropic ho-
mogeneous material model based on compression testing. Lichtinger et al. [42] fully
tested an industrial scale compaction roller manufactured by Coriolis Composites
and developed an orthotropic material model using FEM.

3.1.3. Compaction of prepregs

During the placement of the slit-tapes, the compaction roller applies pressure as well
as heat input so the adhesive behaviour is enhanced and the slit-tapes stick to the
tool surface or the already deposited substrate. State of the art toughened prepreg
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material usually are partially impregnated to allow for channels so entrapped gas
can escape during evacuation [30]. With the application of pressure and heat, resin
will flow through thickness to fully impregnate the slit-tapes. Therefore a reduction
in thickness is involved during compaction. Springer [47] studied resin flow during
cure experimentally and compared obtained data to the Springer-Loos model [48].
Davé et al. described resin flow during composite processing analytically [49] and
numerically [50]. The model is based on a theory of consolidation and flow through a
porous medium, based on Darcy’s law [51]. Smith and Poursartip [52] compared two
well established models based on viscous flow through porous media. They found
that the fibre bed carries some of the applied pressure, and the fibre bed compaction
is one of the key parameters during processing.
Gutowski et al. [53] modelled the fibre bed compaction including viscous flow of
resin, and validated their model with experiments [54]. Cai and Gutowski [55] de-
veloped their theory further to a general behaviour of fibres impregnated with a
viscous fluid. They found both the viscous as well as the elastic behaviour of the
fibre bundles shift their proportional values during compaction. Lekakou et al. [56]
apply Gutowskis model to a woven fabric, and transfer the results to a macro-scale
model.
A full compaction curve is directly measured by Hubert and Poursartip [57]. They
introduce a simple setup for experiments on UD and quasi-isotropic prepregs. Gu
et al. [58] study the compaction of toughened prepregs experimentally and apply
the squeezed sponge model to their experimental value. They found a highly uneven
distribution of consolidation through thickness. Comas-Cardona et al. [59] introduce
permanent deformations in the form of plasticity during compaction. They apply a
geometrically non-linear FEM model to both dry fabrics and pre impregnated fibres
of compaction experiments. Li et al. [60] introduce a simple method for compaction
measurements including permeability predictions, and fit their experimental values
to Gutowskis compaction model. Hubert et al. [61] developed a flow and compaction
model for complex shape composites during cure in an autoclave. They found that
the fibre bed permeability and resin viscosity affects the compaction rate of the
laminate, while the fibre bed shear modulus dominates the compaction behaviour
in corner sections of curved laminates.
Creep recovery and relaxation was studied by Guedes et al. [62] for CFRP material.
They model the material response with the Schapery equation, approximated with
a Prony’s series.
In AFP, after compaction, the pressure is removed and the slit-tapes have time
to recover from the compaction. All models mentioned above consider long time
scale behaviour, counted in minutes and hours, while the AFP specific boundary
conditions vary in seconds and milliseconds. Further, main focus of literature is on
compaction, while recovery also plays an important role during automated layup.
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It is presumed that the slit-tapes exhibit non-linear viscoelastic behaviour through-
thickness. Within a lubricated fibre bundle the embedded fibres may not be assumed
to be straight, but will exhibit a slight curvature, compare Cai and Gutowski [55].
From point of application of compaction pressure, the slightly curved fibres are
straightened, resulting in an elastic pre-stress of the fibre bundle. Additionally, the
resin flows viscously in all directions. With the applied pressure, voids within the
fibre bundle may reduce. After the pressure is released, the pre-stressed fibres induce
a thickness increase of the fibre bundles, constricted by the viscous resin.
Various studies were performed concerning consolidation with AFP specific bound-
ary conditions. Pitchumani et al. [63] study void dynamics including consolidation
in the thermoplastic AFP process. They found that increased compaction pressure
results in reduced final void content. They further concluded that forced cooling
after passing of the placement head may be necessary for parts with low void con-
tent. Gangloff et al. [64] model a tow unit cell that determines the consolidation and
impregnation of a thermoset prepreg tape under an input pressure profile. Their re-
sults show a non-linear relationship between layup velocity and compaction force on
tow consolidation. Lukaszewicz and Potter [65] model the through-thickness com-
pression response of uncured thermoset prepregs with a viscoelastic material model
compared against an elastic-plastic material behaviour. They found a simple strain
hardening material model can be used to accurately model the compression response
during automated layup.
There is little work available to gain insight into the compression response of ther-
moset prepreg material under AFP specific boundary conditions. Therefore the cur-
rent study experimentally determines the compression - recovery response cycle for
repeated short term compressive boundary conditions under elevated temperatures.

3.2. Kinematics for discrete open contoured surfaces

With the AFP specific operations, e.g. cut-and-restart operations, control of the
compaction pressure or control of the heat output of the IR lamp, a manual teaching
of the operations is no longer feasible. Therefore, the complex robot movement is
programmed offline alongside the AFP specific operations.
The preoperative planning of the paths is the basis for the complete process. For an
optimal laminate quality, it is imperative to plan the fibre placement paths according
to layup strategy as well as process restrictions. For a multiple-curved surface, like a
tapered honeycomb structure, geodesic paths without deviations from the intended
design are no longer possible. Different path planning strategies are able to account
for the avoidance of varying effects such as gaps, overlaps or multiple ply drop-offs.
However one needs to be aware of some subsequent restrictions to the process.
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The offline programming software has a wide influence on the later laminate quality.
Commercially available software solutions for the AFP process are able to account
for some defects, e.g. gaps and overlaps. However, non of the available software
(compare Table 2.1 in Chapter 2) can include all defects resulting from multiple
curved surfaces. All commercial software share the closed-source character. It is not
possible for the user to comprehend the actual procedure of the path planning, and
has to trust and agree with the placement procedure with only limited possibilities
of intervention. Lichtinger et al. [42] state that depending on mesh quality and the
quality of the path planning algorithms, it is possible for singularities of the robot
to emerge. This can lead to small steering radii locally or even a rapid movement of
the robot.

The path generation usually is mesh or surface based. From a starting point, a guide
curve, i.e. a path direction is defined. Depending on the path planning strategy for
multiple curved surfaces, there are numerous possibilities for an initial path, e.g. a
globally straight path, or a geodesic path. For a projected globally straight direction
the path angle is fixed and all steering effects due to the surface curvature is ignored.
Geodesic paths have no in-plane steering, and follow the shortest distance possible
between two points on a curved surface.

3.2.1. Gaps and steering effects

In the current study on the placement on a tapered honeycomb structure, a compro-
mise has to be found between gaps, overlaps and steering radii at the edges of the
discrete ramp. For a multiple curved surface it is not possible to reach full coverage
without the possibility of adapting tape width [66]. However for industrial scale AFP
processes this is not possible. Therefore design restrictions apply.

In the case of a tapered honeycomb (compare Figure 3.1), to complete full cov-
erage either steering is necessary, a deviation from the planned fibre angle, or a
sectorisation of the surface.

3.2.1.1. Analytical considerations

For the discrete case of a ramped structure, including the two discontinuities of the
edges, analytical calculations can be undertaken to accurately predict the emerging
gap and the theoretical steering angle, or the fibre deviation from the set fibre angle
at the ramp. These considerations are explained in the following.

Constant angle paths On the basis of globally straight paths projected from the
top, it is apparent that there are discontinuities at the edges of the ramp. Looking
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X Y
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Constant angle paths
Geodesic paths

Figure 3.1. Tapered honeycomb on a flat surface with constant angle paths and geodesic
paths

at the flat projection of the surface, depicted in Figure 3.2, distinct kinks in the
path are visible, resulting in theoretical in-plane steering angles. This is required to
maintain constant path angles.

In the discrete case such as as edges of a ramp, a theoretical steering angle (γ) is
needed and can be calculated as a function of path angle and ramp angle displayed
in Equation 3.1:

γ (α, θ) = acos

(
sinα
sinθ

+ cosα
tanθ·tanα

(csc2α + cot2θ · cot2α)0.5

)
(3.1)

An instantaneous steering angle is impractical, as this would induce wrinkles and
kinks of the slit-tapes at the point of the direction change.

Furthermore, as also shown in Figure 3.2, due to the nature of the combination of
the constant angle paths with the curved surface, the distances between two paths
deviates at the ramp. There is a defined analytical relation between path angle (α),
ramp angle (θ), and distance between two paths (w1). The resulting gap, g = w2−w1,
is depicted in Equation 3.2:

g (α, γ, w1) = w1 ·
(

(cot2α · cot2θ + csc2θ)0.5

sinα · sinθ + cscα · cosθ · cotθ
− 1

)
(3.2)

With above Equation 3.2 the gap between each path of the placement courses can
be calculated, as well as the width of the sum of all gaps along a ramp.
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Figure 3.2. Projected path for constant angle paths on a ramped structure (left) with the
flat projection (right), compare Lichtinger et al. [42].

Geodesic paths When considering geodesic trajectories on a multiple curved sur-
face, a certain deviation from fibre angle has to be taken into account at the ramp,
as well as a parallel offset of parallel planes.

w1 w1

Figure 3.3. Projected path for geodesic paths on a ramped structure (right) with the flat
projection (left), as depicted in Lichtinger et al. [42].

Equation 3.1 can be used to calculate the fibre deviation. The defined parallel offset
from the original path at the top of the ramp and all further offsets can be calculated
with the steering angle (γ = f (α, θ)) and the path length lr on the inclined plane:

og = lr · sinγ (3.3)
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where lr =
((

h
tanθ

)2
+
(

h
sinθ·tanα

)2
+ h2

)0.5
.

3.2.1.2. Experimental analysis of gaps

Tests were conducted using a Coriolis Composites fibre placement machine with the
capability of simultaneously placing eight slit-tapes with 6.35 mm width each. The
tool layout is pictured in Figure 3.4 with a ramp height (h) of 15 mm.
The experimental procedure consisted of the placement of two constant angle paths
with eight slit-tapes each. Varying parameters were path angle in relation to the
ramp edge as well as ramp angle.

20°

25° 30°

35°

Figure 3.4. Layout of the tool for the testing of gaps, compare Lichtinger et al. [42]

To gain some insight into variability, three repeats of each test were undertaken
with same test conditions. The path generation was conducted using the mesh-
based commercial Software CATFiber distributed by Coriolis Composites. The test
results were analysed using image analysis. Test parameters analysed are presented
in Figure 3.5 and Table 3.1.

l1

l2

g1

g2

g3

Figure 3.5. Evaluated results of the experimental testing of gaps [42].
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l1 Gap length at bottom plane
l2 Gap length at top plane
g1 Gap width at ramp centre
g2 Gap width at the top of the ramp
g3 Gap width at the bottom of the ramp

Table 3.1. Testing of gaps: evaluated test results [42]

3.2.1.3. Analytical and experimental results

Figure 3.6 and shows the analytical gap width g1 at the ramp as function of path
angle α for the four tested ramp angles. The gap width starts off a plateau, the
magnitude depending on the ramp angle. The gap size reduces non-linearly as the
path angle rises. As α approaches a right angle towards the ramp edge, the gap
converges towards zero. The curvature of the graph changes with α from a positive
inflexion to a negative one. It is worth noting that with lim

θ,α→∞
g1 :→∞.

0 10 20 30 40 50 60 70 80 90
0

2

4

6

8

10

12

Path angle α [°]

G
ap

 w
id

th
 g

 [m
m

]

 

 
20° Ramp
25° Ramp
30° Ramp
35° Ramp

Figure 3.6. Resulting gap width g1 as a func-
tion of path angle for different
ramp angles [42].
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Figure 3.7. Parallel offset due to geodesic
path generation [42]

The parallel offset of the geodesic paths start with a plateau, as depicted in Fig-
ure 3.7, depending on the ramp angle. With advancing path angle the geodesic offset
drops, and reaches a close to linear behaviour for path angles above 45◦. As expected
the geodesic offset for 0◦ path angles is zero for all ramp angles.
Figure 3.8 shows the analytical gap width g1 compared to experimental results.
Results show similarities in shape in general, but the comparison suggests that fur-
ther effects influence the placement process that is not captured with the model
assumptions.

At path angles below 50 ◦ the gap widths are over predicted by the analytical model.
The reason for that is that at the experiments at low path angles gaps started to
emerge between the individual tapes, and not just between the two paths. The whole
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Figure 3.8. Gap width analytical results compared to experimental values

process started to fail and uncontrolled gaps and overlaps appeared, along with tape
wrinkling and bridging effects. Figure 3.9 depicts the placement on a 30 ◦ ramp at
a path angle of 30 ◦. The distinct gap between both paths are visible, along with
smaller gaps between each tapes. It is worth noting that experimental values for
gaps at 25 ◦ ramp angles are constantly above the gaps of 30 ◦ ramp angles. This
directly contradicts the analytical prediction, and is presumed to originate from the
mesh dependent path algorithm.

Figure 3.9. Emerging gaps at ramp angle 30◦ and a path angle of 30◦

Figures 3.10-3.11 show the resulting gap width at the top of the ramp and at the
bottom of the ramp, g2 and g3 respectively. For all ramp angles at 90 ◦ path angles
no gaps are visible. With declining path angles the gaps are expanding.
However, there is no distinct correlation between path angles and ramp angles. g2

start to reduce at path angles smaller than 50 ◦ for ramps of 20 ◦, 30 ◦ and 35 ◦ angle.
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This is contrary to expected results, and is assumed to be correlated to the mesh
dependency of the path planning algorithm, detailed in Lichtinger et al. [42].
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Figure 3.10. Experimental gap width g2 at
the top of the ramp [42]
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Figure 3.11. Experimental gap width g3 at
the bottom of the ramp [42]
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Figure 3.12. Experimental gap length l2 at
the top plane [42]
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Figure 3.13. Experimental gap length l1 at
the bottom plane [42]

Gap length at the top plane and the bottom plane, compare Figures 3.12 and 3.13,
show high variance. This is evidence that for the placement on multiple curved
surfaces, the placement tolerances need to be closely monitored, and are subject to
big variations.

3.2.2. Optimization of the placement paths

The analytical considerations of the path planning of Section 3.2.1.1 were used
to design an optimization tool to reduce gap and overlap size. A discrete surface
was partitioned into triangles or rectangles, and a path optimisation algorithm was
performed, each path depending on its neighbour. The starting path was a constant
angle path. Figure 3.14 depicts the optimization procedure. On the edge of every
partition, the distance to the neighbouring path is evaluated, and the path point
is moved along the edge of the partition to close gaps or omit overlaps. A further
boundary condition is a minimum steering radius, which is calculated with the flat
projection of the two path segments.
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Figure 3.14. Path optimization procedure

For an optimized path, a error criterion ε is minimized, which applies a weighting
function weight between emerging gaps / overlaps and minimum steering radius
with Equation 3.4:

ε = weight · |g|
gmax

+ (1− weight) · γmin
gamma

(3.4)

with weight ∈ [0; 1].

With the optimization algorithm a further effect during the placement process is
visible, which we called "Dancing of the Robot".

Figure 3.15. Curvature of the paths due to gap optimization

During preliminary placement experiments with active gap optimization of the path
planning algorithm, the robot rotated visibly back and forth around its vertical axis,
therefore creating wrinkles in the tapes.
This "dancing", i.e. the rotation about the vertical axis of the robot, is due to the
gap optimization algorithm. Figure 3.15 shows the path planning behind the gap
optimization.
The gap can only be closed with in-plane steering. With the input of maximum
steering radius, the placement head runs through a wave motion. Starting tangen-
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tial to the original path, on the ramped section the path deviates to close the gap,
changing the steering curvature from negative steering radius to positive steering
radius.
With progressing amount of paths, also the amount of waves rise, as each wave ag-
gravate with progressing path number. The optimization algorithm always measures
perpendicular to the current path section, therefore accumulating the waviness of
the pass indefinitely with number of paths, or until the end of the ramp is reached.

3.2.3. Discussion of kinematic effects

The kinematic path planning of the robot is the basic requirement for any AFP
process. Without offline programming, the complete placement process in infeasible
to execute. With the complex translational and rotational DoFs of the robot it is
imperative to know the exact movement of the robot to avoid collisions. Control of
the IR lamp or cut-and-restart actions also need to be programmed beforehand, and
cannot be conducted on-line.
However, most of these functions are state of the art in commercially available
path planning software. The effects of the complex movement of the robot need
to be understood by the operator, as well as the layup design. Especially when an
optimization is involved in the path planning algorithm, the resulting movement of
the robot may counteract the benefits of described optimization.

3.3. Influence of the compaction roller

The deformation behaviour of the compaction roller has major influence on the AFP
process. Especially for the placement on multiple curved surfaces, the roller needs
to conform to the surface to supply sufficient normal pressure. Insufficient contact
pressure will lead to the bridging of the slit-tapes between two contact points on
a concave surface. However, the normal pressure of the compaction roller must not
exceed the core crush limit of a honeycomb structure [45]. This leaves a specific
process window for compaction force and roller deformation behaviour.
Usually the conformable behaviour is achieved using a soft silicone roller [3]. In the
current study a individual compaction roller from Coriolis Composites SAS with
the label 8F14-M510 is used (Figure 3.16).

The roller consists of a coiled thermoset foam material bonded around an axis with
a release coating in the form of a shrink tube. The dimensions of the roller are
summarized in Table 3.2.
It is mounted to the placement head, and rotates freely around its centre axis. The
rotation originates solely from frictional forces, when the AFP head presses the roller
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Figure 3.16. Coriolis Composites compaction roller for 8× 1/4 inches slit-tapes [42].

against the surface, and then moves along its path. Inside the roller ball bearings
are installed to reduce frictional losses.

Table 3.2. Dimensions of the Coriolis Composites Compaction Roller [42]

Roller inner diameter 30.0 mm
Roller outer diameter 68.3 mm
Thickness of the release coating 0.8 mm

3.3.1. Hertzian deformation considerations

One of the major influencing factors of the AFP process is the pressure distribution
under the compaction roller as well as its deformability. Without sufficient pressure
there is the risk of process failure due to the absence of tack. Further, when the
roller does not conform to a concave surface, the tapes will bridge the resulting gap.
With the compaction force as a process parameter, the roller deforms depending on:

• Roller material and roller design

• Surface deformability

• Surface Geometry

Hertz [67] developed a theory in 1882 which is the basis of all further contact mechan-
ics theories. The Hertz theory focuses on the normal contact of two homogeneous
isotropic elastic bodies with small deformations.
Considering general deformable compaction rollers under the assumption of Hertzian
contact [67], the deformation of the compaction roller on a rigid flat surface is [68]:
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uz = − 2
πE∗

∫ xmax

xmin

∫ a

−a

p(s)
x− s

ds dx. (3.5)

with E∗ = Eroller
1−ν2

roller
, assuming a rigid tool surface, with Eroller as the elastic modulus

of the roller and νroller as its Possion’s ratio.
Peak magnitude of pressure is in the centre of the contact area, exactly underneath
the roller axis. The pressure reduces quadratically to the edge of contact area with
zero pressure, using set of Equations 3.6a and 3.6b. The total load compressing the
solid F is related to contact area a by

F = πa2E∗

4R , (3.6a)

with R the roller radius. With the contact area, the pressure distribution in relation
to location can be determined:

p (x) = 2F
πa2

(
a2 − x2

)1/2
. (3.6b)

With above mentioned restrictions, it is possible to calculate the pressure distribu-
tion underneath a homogeneous compaction roller.
Figure 3.17 depicts the theoretical roller indentation under the assumption of Hertzian
deformation, as well as the resulting pressure distribution for a deformable roller and
rigid flat surface.
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Figure 3.17. Indentation of a roller cross section according to Hertzian theory, along with
the pressure distribution

Usually an industrial scale roller has a complex design with a combination of multiple
materials, therefore Hertzian contact mechanics cannot be applied. In the following
Section the deformability of an industrial compaction roller is studied.
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3.3.2. Experimental determination of the deformation and
pressure distribution of an industrial AFP compaction
roller

The industrial scale roller used within the tests was a customised coiled thermoset
foam bonded around an axis with a release coating at the outer surface. With the
inhomogenious design, Hertzian assumptions of Section 3.3.1 cannot be applied.
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Figure 3.18. Pressure evaluation procedure, compare Lichtinger et al.[42]

With the thermoset foam and the inhomogeneous design the deformation as well as
the pressure distribution under the area of contact is different from Hertzian theory.
Below the industrial AFP roller manufactures by Coriolis Composites was charac-
terized for different surface geometries. Figure 3.18 shows the testing procedure of
the pressure distribution of the compaction roller on a flat surface. Between tool
and roller a pressure sensitive film (Prescale by FUJIFILM [69]) was inserted, and
the resulting colour distribution was evaluated using image analysis.

3.3.2.1. Test setup

To analyse the compaction roller statically it was mounted on a universal testing
machine. Then the roller was pressed against different tools. The tests are clustered
into five different setups:

1. Flat tool surface with roller force parallel to area normal
"Flat tool"

2. Convex tool surface with roller axis perpendicular to apex
"Convex tool lateral"

3. Convex tool surface with roller axis parallel to apex
"Convex tool longitudinal"

4. Concave tool surface with roller axis perpendicular to edge
"Concave tool lateral"
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5. Concave tool surface with roller axis parallel to edge
"Concave tool longitudinal"

Figure 3.19 shows the five different test scenarios with three different tool designs
on which static compression tests were performed. Dynamic effects of the roller were
neglected. The tool geometry (the angle of the concave and convex tool as well as
the radii) was designed to be comparable to the honeycomb surface discussed in
Section 3.2.1.3.
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Figure 3.19. Five different test scenarios with three tool designs for static roller tests,
according to Lichtinger et al. [42]

Table 3.3 presents the applied compaction forces for each scenario. To avoid dam-
aging of the compaction roller the maximum force was not applied at certain test
configurations. Tests with too little contact area, and therefore negligible results,
were omitted.

Table 3.3. Test Setup with applied compaction forces

Test Setup Applied Compaction Forces

1: Flat tool 250 N, 500 N, 750 N
2: Convex tool lateral 250 N
3: Convex tool longitudinal 500 N
4: Concave tool lateral 250 N, 500 N
5: Concave tool longitudinal 250 N, 500 N, 750 N

Five repeats of each test were undertaken to gain insight into the variability. The
force-controlled displacement of the universal testing machine during each test cycle
was marginal, so time-dependent behaviour of the roller was assumed to be negligi-
ble.
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3.3.2.2. Image analysis of the pressure sensitive film

The Prescale pressure sensitive film varies colour according to the intensity of the
normal pressure. The pressure application time is specified in the documentation [70]
with 120 s per test.
Figure 3.20 depicts the evaluation procedure. The colour density of the Prescale
pressure tests are compared to the colour density scale of the manual [70] to get the
correct pressure values.
The coloured film was scanned to get a digital image. The colour density of the
image than was analysed using a MatLab routine, and evaluated accordingly with
the density scale of the manual.

Figure 3.20. Evaluation procedure of the FUJIFILM Prescale pressure sensitive film [70]

As the colour distribution of the scanned image was inhomogeneous, the pressure
values had to be smoothed using MatLab internal smoothing algorithms. Figure 3.21
shows an evaluated pressure distribution before and after smoothing.
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Figure 3.21. Evaluated image of the Prescale results of Test setup 5 (Concave tool lateral)
before (l) and after (r) application of the smoothing algorithm

The complete resulting pressure was integrated over both dimensions of the image
to gain the resulting compaction force according to Equation 3.7:
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FPS =
∫
A

pdA. (3.7)

The resulting force FPS was then compared to known compression force FTM set
on the universal testing machine, and a correction factor pcorr for the pressure was
introduced with pcorr = FTM

FPS
and applied accordingly with Equation 3.8:

preal = pcorr · p. (3.8)

However, with the integration of the pressure and the correction factor pcorr, there is
the possibility of error due to the fact that there is a maximum measurable pressure.
When the maximum measurable pressure is exceeded, the pressure sensitive film
is coloured all red, therefore not allowing for any higher pressure to be detected.
Subsequently, the global scale factor will affect all other measured results.
The assignment from colour density to pressure was interpolated pointwise linearly.
The colour density scale was extrapolated linearly above and below the individual
limits to gain insight into lower and higher pressure magnitudes.

3.3.3. Simulation of an industrial compaction roller

With the complex design of the roller it is impractical to model the roller in such
detail. The numerical cost would have surmounted the acquired results. Therefore
the intention was to get a analogous model that has the same normal pressure
behaviour than the real compaction roller.
Based on the static experimental results, an FEM model was designed to reflect the
compaction roller’s behaviour using the commercial software Abaqus CAE. As both
material combinations and material properties are unknown, a reverse approach
was used to determine the behaviour of the roller. Figure 8 shows the design of
the model. In the static experimental compression tests discussed in Section 3.3.4,
time-dependent behaviour of the roller was found to be marginal. Therefore, a linear
elastic material model was chosen and time-dependent effects were neglected. Due to
large deformation, the model was analysed geometrically non-linear. The material
of the outer coating was assumed to be isotropic; the material of the foam was
assumed to be orthotropic due to the complex design of the tested compaction roller.
The resulting parameters obtained via finite element analysis (FEA) are listed in
Table 3.4. For test setups 1, 3, and 5, a 2D plain strain approach was used with 640
CPS4 elements and a rigid tool surface. For test setups 2 and 4, a 3D continuum
model was built with 20580 C3D8 elements. Both models use a penalty contact
formulation.
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Table 3.4. Material parameters for the analogous FEM model obtained using the reverse
approach (left) with sketch of model (right)

FEM Roller Dimensions
Roller inner diameter 30.0 mm
Roller outer diameter 68.3 mm
Thickness of the release coating 2.5 mm

Material Properties of Release Coating
E 20.0MPa
ν 0.3
Material Properties of Roller Foam Material
E1 = Er 0.8 MPa
E2 = Et 0.8 MPa
E3 = Ez 5.0 MPa
ν12 0.3
ν13 0
ν23 0
G12 0.8 MPa
G13 1.2 MPa
G23 1.2 MPa

T/2

R/1

The linear elastic material model does not accurately cover hyperelastic material
behaviour of most foams. Arising consequences are discussed in Section 3.3.5.2 of
the chapter.

3.3.4. Resulting pressure distribution of experiments and
simulation model

The static testing of the roller showed distinct results and confirm that the non-
homogeneous design of the roller provides a non-hertzian pressure distribution under
the roller as well as a specific deformation behaviour.
Figure 3.22 shows the typical roller deformations for all test setups described in
Section 3.3.2.1. With the relative stiff and hard release coating compared to the
foam material, one aspect of the normal pressure of the roller is the pre-stress of the
bended coating, and the resulting transferred pressure. Therefore the roller cannot
conform perfectly to the tool surface in some cases, and the pressure under the roller
is influenced by the bending radius of the release coating.
Figure 3.22(A) shows the roller deformation on a flat tool. There is full contact
under the roller, and a high bending deformation of the release coating at the edges
of contact.
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Figure 3.22. Typical roller deformation for all five test setups. (A) Flat tool, (B) convex
tool lateral, (C) convex tool longitudinal, (D) concave tool lateral, (E) concave
tool longitudinal, compare Lichtinger et al. [42]
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At the convex tool (Figure 3.22 (B) & (C)) the roller does not fully conform to
the surface. The high bending stiffness of the coating prevents full contact left and
right of the apex of the tool. With the high deformation at the apex it is assumed
that there is high normal pressure. Tests with high compaction force of 750 N had
to be omitted so permanent damage to the compaction roller was prevented. The
full deformability of the roller is seen with the concave tool (Figure 3.22 (D) &
(E)). As point of first contact is on the flanges of the tool, the roller cannot slide
into the resulting gap. Figure 3.23 depicts the displacement of the force controlled
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Figure 3.23. Displacement of the testing machine for all static roller tests [42].

universal testing machine. There is a linear trend visible, however, more data points
are needed for a more detailed analysis of the trend of the displacement.

3.3.4.1. Pressure distribution on a flat tool

The pressure distribution of the roller on a flat tool is depicted in Figure 3.24. It
is apparent that the experimental values experience high variance. On the evalua-
tion path parallel and to the roller axis in the centre pressure resulting from 250 N
compaction force vary from 0.08 MPa to 0.33 MPa, 400 % deviation. At 500 N force,
pressures vary between 0.18 MPa and 0.36 MPa. At 750 N the pressure along the
axis has a deviation of 195 %. The high variance origins from surface irregularities
of the roller.

Simulation results along with experimental values of the pressure distribution or-
thogonal to the roller axis are pictured in Figure 3.25.
The pressure distribution is highly non-uniform. This arises because of the pre-stress
of the release coating. With the non-uniform design of the roller, there is the effect
that the pressure distribution on the evaluation path orthogonal to the roller axis
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Figure 3.24. Pressure distribution of the
compaction roller on the flat
tool parallel to roller axis [42].

Figure 3.25. Pressure distribution of the
compaction roller on the flat
tool orthogonal to roller axis,
compare Lichtinger et al. [42]

stays relatively constant compared to a hertzian pressure distribution, with peak
pressures occurring at the out-most points of contact. The non-uniform pressure
distribution compared to hertzian pressure as well as its implications are discussed
in Section 3.3.5.3 of this chapter.
At a high compaction force, simulation results do not agree fully with the experi-
mental values. Pressure magnitudes as well as pressure gradient is not represented
sufficiently. It is presumed that the linear elastic material model for the foam ma-
terial in the simulation model does not describe high compaction values within the
foam sufficiently. The material model is discussed in detail in Section 3.3.5.2 of this
chapter.
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Figure 3.26. Contact length and maximum pressure over the compaction force

With higher compaction forces the contact length rises. The maximum pressure does
not rise equivalent to contact length (compare Figure 3.26). With 250 N compaction
force, contact length is 15 mm, while with 750 N contact length is 34 mm, an increase
of 227 %. Maximum compaction pressure increases 157 % with triple the compaction
force.
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3.3.4.2. Pressure distribution on a convex tool

The convex tool represents the transition from the tapered section of the honeycomb
tool to the top flat plane of the honeycomb ramp.
With the complex design of the roller, the pressure distribution on a convex tool
has a specific gradient. The roller does not conform perfectly to the tool surface,
but the stiff and hard release coating elevates the bending radius, therefore reducing
pressure left and right of the apex of the tool. At a longer distance from the apex,
the roller deforms sufficiently, therefore applying more pressure.

Figure 3.27. Normal pressure of the com-
paction roller on the convex tool
in lateral direction parallel to
roller axis, compare Lichtinger
et al. [42]

Figure 3.28. Normal pressure of the com-
paction roller in longitudinal di-
rection orthogonal to roller axis
on the convex tool. [42].

At the evaluation path of the roller axis orthogonal to the apex of the tool (Fig-
ure 3.27), highest pressure is at the centre at the apex. Maximum measurable pres-
sure with the pressure sensitive film was 1.2 MPa, therefore it is assumed that the
pressure is underestimated experimentally. Left and right of the apex pressure is
greatly reduced to 0.25 MPa. Further along the evaluation path, the pressure rises
again to 0.6 MPa, 100 % above the minimum value.
Similar results occur at test setup 3, with the roller axis parallel to the apex of the
tool. Peak pressure is at the apex of the tool, with experimental values assumed to be
under-predicted. Left and right of the apex, the pressure reduces over-proportional
because of the high bending stiffness of the release coating, with 70 % higher pres-
sure further along the evaluation path.
Hexcel Nomex data sheet [71] states that minimum compressive strength of used
HRH - 10 - 1/8 - 3.0 has a minimum compressive strength of 1.62 MPa for direct
pressure perpendicular to the surface. This pressure magnitude cannot be measured
with current test setup. However, the simulation results state maximum pressures
close to 4 MPa, 247 % of the minimum compressive strength, therefore risking a
crushing of the honeycomb core.
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Further, honeycombs are very sensitive to side loading. When the compaction force
vector deviates from the normal direction, e.g. at the ramped section of the honey-
comb, the risk of core crush increases significantly.

3.3.4.3. Pressure distribution on a concave tool

The concave tool represents the transition from the flat plat to the ramped section
of the honeycomb.
The outer edges of the roller contacts the tool first at the test setup "Lateral direction
parallel to roller axis"(Figure 3.29). At 500 N compaction force highest pressure
occurs with 1.0 MPa. Pressure drops along the evaluation path non-linearly to a
plateau at 0.5 MPa. At the centre of the evaluation path, the roller does not deform
sufficiently, resulting in a gap between the contact at both sides of 28 mm. At 250 N
compaction force pressure peaks at the outer edge with 0.8 MPa, 20 % less than at
twice the compaction force. The pressure drops to 0.4 MPa, with a 39 % greater gap
of 39 mm.

Figure 3.29. Normal pressure of the com-
paction roller in lateral direction
parallel to roller axis on the con-
cave tool, compare Lichtinger et
al. [42]

Figure 3.30. Normal pressure of the com-
paction roller in longitudinal di-
rection orthogonal to roller axis
on the concave tool. [42].

At test setup 5 "Longitudinal direction orthogonal to roller axis"(Figure 3.30) the
roller does not conform enough to the tool surface to omit resulting gaps. Along the
evaluation path a similar effect from Section 3.3.4.1 occurs, with highest pressure
at the outer edges of the contact. With the inclined angle of the tool, and further
movement down, shear is induced. These combined effects result in an exaggerated
peak pressure at the inner contact edges, and reduced pressure at the outer edges
of contact. At a compaction force of 250 N, the gap length is 13 mm, with a contact
length of 11 mm at both sides. At a force of 500 N, the gap length is 10 mm, 23 %
less than at half the compaction force, and a contact length of 15 mm on both sides
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of the tool. At a compaction force of 750 N, the gap is 7.5 mm, 42 % less than at
250 N compaction force. The resulting contact length on both sides is 20 mm.
Simulation results agree well with experimental values. Differences are assumed to
arise from the high variability of the measured results. Further, there is an undefined
stick-slip-condition at the experiments, while the simulation uses a permanent non-
slip condition after contact.

3.3.5. Discussion

3.3.5.1. Design of the compaction device

The slit-tapes need to be compacted onto the tool surface. In most industrial appli-
cations, a compaction roller is used. The roller may have different designs, like the
conformable full size roller used in this study, or a segmented roller [72]. Instead of
a compaction roller, there is the possibility to use a compaction shoe [73] that slides
along the tape surface, applying pressure. Sarrazin and Springer [17] state that a
compaction device with radial shape may induce shear stresses as well as normal
stresses opposite to the compaction pressure at the edges of contact (Figure 3.31).

Figure 3.31. Induced stresses under a radial compaction roller from Sarazzin and
Springer [17]
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This may lead to the conclusion that a cylinder roller is not the perfect shape for
a compaction device. Further, with the introduction of complex tool shapes with
concave and convex surfaces and multiple curvatures, the concept of a deformable
roller may not be sufficient. With a concave surface as in test setup 5 in Section 3.3.2,
the contact on both sides of the roller happens before the roller deforms sufficiently to
close the contact gap. With the assumption of non-slip contact due to the adhesive
behaviour of the slit-tapes, it is no longer possible to close the bridging defect.
Therefore, the compaction device should be able to adapt to the tool surface in a
way that sufficient contact is guaranteed. This may lead to the development of a
complete new compaction device.
Possible designs may be an inflatable compaction device. Also some functions could
be implemented in the compaction device, e.g. local application of heat, instead of
the IR lamp, by a heated compaction device, or a cooling effect to reduce peak
temperatures, as was done by Henne et al. [18] for a thermoplastic AFP compaction
roller.
Further work is needed to fully identify the potential of future compaction devices
foraAFP, as well as to find the perfect design for such a device.

3.3.5.2. Linear elastic material assumption

The compaction roller was modelled with a linear elastic material assumption. How-
ever, the real roller consists of a coiled foam wrapped around an polyurethane foam
core, with a release coating. As the exact material is under NDA, material properties
are unknown, and needed to be determined by reverse engineering.
Usually, foam material with open pores, as is the case with the compaction roller, an
hyperelasic material model is assumed. After initial linear behaviour, the material
stress plateaus with increasing strain in compaction testing. When the material is
compressed so the open pores are compressed, the material will go into block sta-
tus, therefore potentially increasing in stress, as described in Zhang et al. [74] . In
the model used in this study solely the first linear part of the deformation can be
covered adequately. When the compaction strain increases further, resulting stresses
are overpredicted.
Therefore, with high compaction forces, the normal contact pressures are overpre-
dicted, as depcited in Figure 3.25 in Section 3.3.4.1. This affects the pressure dis-
tribution results for high compaction force values. However, for compaction forces
usually input in an AFP process, the assumed material model agrees well with the
experiments, and covers the material behaviour adequately.
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3.3.5.3. Non-hertzian pressure distribution of the roller

The non-uniform pressure distribution of the compaction roller described in Sec-
tion 3.3.4.1 is bound to have influence on the deposition process. Figure 3.32 shows
the results of the compression of the roller on a flat surface at 500 N compaction
force, compared to simulation results of the FEM model. Superimposed are the
results of the analytical solution of Hertzian contact mechanics.
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Figure 3.32. Comparison of the experimental and simulation values of static pressure of
the compaction roller the analytical hertzian pressure

In the analytical solution, the pressure is a quadratic function of contact length
(compare Equation 3.6b). Therefore highest magnitude of pressure is at the centre
of contact, under the roller axis, with highly reduced contact pressures towards the
edges of contact. The pressure distribution of the real compaction roller has peak
pressures near the edge of the contact. This may come as an advantage on concave
tool surfaces, e.g. a tapered honeycomb ramp, as the contact pressure peaks at the
transition between flat tool and tapered section, therefore reducing possible bridging
effects.
Further, with a more uniform pressure distribution, any shear or delamination ef-
fects, as described in Sarrazin and Springer [17], will be considerably reduced.
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3.3.5.4. Validity of the model

The model of the compaction roller can be considered valid for low and medium
pressures. For high compaction forces, the pressure distribution, as well as the de-
formation behaviour, care needs to be takes with the resulting predicted pressures.
Furthermore, the model was simplified from the coiled foam material, with adhesive
layers between each foam layer and a release coating on the outer surface to a or-
thotropic material behaviour in the foam section and an isotropic linear behaviour in
the release coating. Roller dimensions are similar. However, the simplified model fea-
tures a release coating with higher thickness than reality. When considering complex
deformation modes of the roller, this fact may influence the deformation behaviour
and corrupt the validity of the model. The stiffness of the release coating influences
the pressure gradients on the area of contact.
Further work is needed to study the hyperelastic material behaviour of the foam, as
well as its influence on the pressure distribution.

3.3.5.5. Alternative to the surface pressure measuring systems

As an alternative to the Prescale pressure measuring system, an electromechanical
procedure was evaluated for testing. The Tekscan system is a commercially avail-
able normal pressure evaluation method. The electromechanical procedure assigns
measured electrical resistance to a calibrated pressure value. The electrical resis-
tance changes with applied normal pressure. Figure 3.33 depicts the test setup with
concave tool longitudinal and the assignment from measured electrical resistance to
applied calibrated pressure.

Figure 3.33. Test setup with the Tekscan system (l) and its pressure evaluation procedure
(r)

The size of one measurement cell is 6.45 mm2 and it an has an edge length of 2.54 mm.
Figure 3.34 shows an exemplary result of the Tekscan system.

The resolution is smaller compared to the Prescale procedure. The major advantage
of the Tekscan system is it ability to measure the pressure over time with a resolution
of up to 100 Hz. The calibration of the system has to be conducted a priori with a
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Figure 3.34. Tekscan results during the test of concave tool perpendicular

correction factor.
Both pressure measuring methods have their advantages and disadvantages, listed
in Table 3.5:

Table 3.5. Comparison between two methods to measure surface pressure

Advantages Disadvantages

Pr
es
ca
le

High resolution after smoothing High recurring cost for a high
number of tests

Repeatable process Only static pressure measurable
Low initial cost for academic pur-
poses

Limited range of pressure for in-
dividual sheet type
High cost for industrial software
Difficult Handling

Te
kS

ca
n

Repeatable process High initial cost
Low recurring cost Calibration necessary
Time-dependent measurements
possible

Limited resolution

Dynamic tests possible
Easy handling

For this study the Prescale pressure measurement system was used to evaluate the
results. The resolution for the small contact area was too low for adequate results.

3.4. Experimental determination of through-thickness
compaction behaviour of prepreg tapes under
AFP conditions

In the thermoset AFP process, after the layup is complete, the laminate is con-
solidated. Consolidation involves the application of certain temperatures and com-
paction pressure to the laminate for predetermined lengths of time.
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Usually, for aerospace grade prepreg material, consolidation happens in an autoclave
at elevated temperatures and up to seven bar compaction pressure. Further, in most
industrial cases, some further vacuum assisted debulking may happen during layup,
after the completion of every nth ply, to increase layup quality of the already placed
laminate.
In the thermoset AFP process, the layup is also consolidated during layup, as the
compaction roller presses the incoming slit-tapes onto the tool surface, or the already
placed substrate. Further, the resin viscosity is reduced with elevated temperatures
due to the influence of the IR lamp. Helenon et al. [46] modelled the thermoset
AFP deposition process with focus on through thickness compaction and in-plane
elongation, depending on process velocities.
There is a thickness difference between non-consolidated uncured slit-tape material
and consolidated, fully cured theoretical laminate thickness. It is assumed that the
thickness changes arises from consolidation of voids, and resin flow through-thickness
of the partially impregnated slit-tapes.
Although the compaction pressure acts locally for a short amount of time, the high
compaction pressure and elevated temperatures lead to a debulking effect, which
was experimentally studied and is subject of following section of the chapter. The
material used for the experiments is an aviation grade toughened slit-tape material.

3.4.1. Test setup of through-thickness compression experiments

3.4.1.1. Preparation of the test samples

The test samples are flat composite laminates with the dimensions of 20 mm ×
20 mm × h0. The initial thickness of the test samples, h0, arises from the hight of
ten individual tapes stacked up. It ranges between 1.6 mm and 1.8 mm.
Two different types of test samples were manufactured:

• Unidirectional (UD): Similar fibre orientation for all ten plies

• Multidirectional (MD): The fibre orientation was
[0◦, 90◦, 45◦, 135◦, 0◦, 90◦, 135◦, 45◦, 90◦, 0◦]

Two plates, UD and MD, with dimension 220 mm× 220 mm were loosely placed by
hand. A 0.05 mm non-adhesive PTFE film beneath and on top of the plies facilitated
handling and prevented any sticking. The samples were than cut into the desired
size.
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3.4.1.2. Test setup

For the short-term compression tests, a modular compact Rheometer MCR 302
Anton Paar was used. It is capable of controlled compressive force up to 50 N. From
the static compaction roller testing in Section 3.3, a maximum pressure of 0.5 MPa
for the compaction of the roller on a flat surface is obtained. Therefore, a standard
rheometer punch was turned to a diameter of 10.0 mm. With Equation 3.9:

F = p · A, (3.9)

with p the required normal pressure and A the punch area, the compaction force as
machine input can be calculated. Table 3.6 lists the calculated compaction forces.

Table 3.6. Resulting compaction forces for desired compaction pressures

Compaction pressure Resulting Compaction Force
[MPa] [N]
0.2 15.7
0.3 23.6
0.4 31.4
0.5 39.3

The test samples were inserted into the test chamber. Then, a test cycle with a
combination of load application, intermittent by a release time were applied. At the
release times, the controlled load was set to zero, and the upward movement of the
punch was measured at all times, so that the relaxation, and therefore a thickness
growth, was also captured.

Following process parameters for both UD and MD test samples were tested, with
variations in:

• Process temperature,

• Pressure magnitude,

• Release time and

• Compaction time.

Table 3.7 summarizes the values for the process variables stated above:

For all tests only one process variable was changed with fixed values for all other
stated process variables. This results in 16 different tests for both UD and MD.

The initial thickness of the stack was determined by measuring the compaction
force. When the measured force exceeds 0.1 N, the gap size is defined (compare
Figure 3.36).
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Figure 3.35. Experimental Setup of the compression tests. For elevated temperature a
thermal controlled hood was used (not shown).

Table 3.7. Varied process variables of the compression testing experiments

Pressure Magnitude [MPa] 0.2 / 0.3 / 0.4 / 0.5
Temperature [◦C] 25 / 35 / 45 / 55 / 65
Compaction Time [s] 1.0 / 2.0 / 4.0 / 6.0
Release Time [s] 5 / 30 / 60 / 120 / 300
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All tests were repeated five times to gain insight into repeatability.

3.4.2. Experimental results

The initial machine read out is depicted in Figure 3.36. With set machine param-
eters, the compaction - release cycle is repeated eight times, with varied process
parameters. After each cycle, the point of maximum compaction and the point of
maximum release is evaluated.
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Figure 3.36. Experimental result for 55 ◦C Compression, with superimposed result evalu-
ation procedure

It is observable that the stack thickness expresses behaviour of a visco-elastic mate-
rial. After initial compaction,the stiffness of the material increases non-linear. After
release of the compaction pressure, the material increases in thickness, therefore ex-
pressing the elastic behaviour.
All performed tests were evaluated on shown data points, starting with the initial
stack thickness when the compaction force exceeds 0.1 N. At each compaction-release
cycle the point of minimum stack thickness ("Low") is evaluated, as well as the
point of maximum stack thickness ("High") after the complete release time without
pressure. The graphs are plotted over the number of compaction-release cycles for
multi-directional layup (Figures 3.37 to 3.40) and UD layup (Figures 3.41 to 3.44).

Unless stated otherwise, test parameters were:

• Process temperature: 55 ◦C

• Pressure magnitude: 0.5 MPa

• Compaction time: 3 s

• Release time: 30 s

Process variables are stated in the legend of the Figures.
Figure 3.37 shows the variation in process temperature for MD layup after each
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cycle the stack thickness is reduced, and there is no convergence in thickness change
after the eight’ cycle is completed. Therefore further thickness change with higher
number of compaction cycles is to be expected. With higher temperature the thick-
ness change increases. Similar results show the variation of pressure (Figure 3.38).
The higher the pressure the more the thickness change. As seen in Figure 3.39 and
Figure 3.40, compaction pressure variation as well as release time variation has little
influence on the stack thickness change.
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Figure 3.37. Compaction results of MD setup
with temperature variation
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Figure 3.38. Compaction results of MD setup
with pressure variation
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Figure 3.39. Compaction results of MD setup
with compaction time Variation
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Figure 3.40. Compaction results of MD setup
with release time variation

Figure 3.41 to Figure 3.44 show results compared to MD layup. Thickness change
is higher than the MD stacks. At no test setup convergence in stack thickness is
reached, therefore the thickness would decrease further with higher amount of com-
pression cycles.

Figure 3.45 shows the influence of process temperature in thickness change percent-
age wise with UD and MD results juxtaposed. The thickness change from initial
stack thickness to after release time at room temperature is 11.1 % for MD and
10.5 % for UD, −5.9 % difference. At a process temperature of 65 ◦C the thickness
change is 20.1 % for MD and 40.8 % for UD, a difference of 103.1 %.
The influence of the applied pressure is depicted in Figure 3.46. The thickness change
in UD layup is generally higher than MD, however it is apparent that the thickness
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Figure 3.41. Compaction results of UD setup
with temperature variation
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Figure 3.42. Compaction results of UD setup
with pressure variation
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Figure 3.43. Compaction results of UD setup
with compaction time Variation
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Figure 3.44. Compaction results of UD setup
with release time variation

change is depending little on the applied pressure magnitude, with a difference of
21.8 % for UD and 22.3 % for MD between applied pressures 0.2 MPa and 0.5 MPa.

The influence of compaction time on stack thickness (Figure 3.47) shows that the
thickness change increases with increased compaction time, indication viscous be-
haviour. Release time has little influence on the final stack thickness (Figure 3.48)
with no apparent decrease with increased release time. Still there is a prominent
difference between UD and MD between 29.1 % and 86.6 %. These findings corre-
spond with measurements from Hall et al. [75]. They find that the difference between
UD and cross-ply stacks arises from lateral spreading and a restriction thereof in a
cross-ply stacked laminate. Further work is needed to fully understand the corre-
lation between compaction to AFP process parameters, that also include in-plane
influences.
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3.4.3. Discussion

The deformation behaviour of the slit-tapes influences most process parameters.
Heat conduction as well as contact resistance are influenced by the compaction of
the slit-tapes.
Further, with varying slit-tape thickness, void content as well as fibre volume fraction
or an expansion in-plane is imposed, and therefore also the later laminate properties.

3.4.3.1. Influence on thermal material properties

The thickness change due to applied pressure under elevated temperatures alters
thermal properties of the material stack. As test results show, stack thickness may
change more than 40 % of its original value.
First, the compaction increases interlaminar intimate contact, therefore reducing
thermal contact resistance considerably.
Further, with the decreased thickness of the plies, conduction through thickness
changes considerable.

3.4.3.2. Void content and fibre volume fraction

With the applied pressure the void content of the material will reduce. Especially
when voids are enclosed between plies, applied contact pressure enhances intimate
contact, therefore reducing voids. As Cai and Gutowski [55] state, deformation of
a lubricated fibre bundle is dependent on the waviness of the fibres as well as the
viscous behaviour of the resin. This could indicate that with applied pressure the
waviness of the fibres is reduced, which presumably enhances layup quality.
Further studies are needed to determine AFP process parameters like compaction
pressure or elevated temperatures on the micro scale quality of fibre orientation and
waviness.

3.4.3.3. Viscoelastic behaviour of compression response

The results from the compression response clearly indicate a viscoelastic material
behaviour. After release of the compression pressure, the stack thickness increases.
This indicates that a pure plastic deformation approach, as was done in [65] and in
Helenon et al. [46], is not suitable for modelling the compression - release response
cycle of the material.
Further studies have to be performed to gain insight into the deformation behaviour
to distinguish between viscous and elastic parts of the compression response, as well
as their influence on further AFP parameters.



4. Thermal measurements and
thermal models for AFP

Heat input into the tool surface, as well as on the already placed substrate, is one
of the most important aspects in AFP. Layup temperature plays an important role
in- later mechanical performance of the laminate, e.g. inter laminar shear strength
or void content[3]. If the temperature exceeds the material limit, artificial ageing
or partial curing could occur [28]. When the process temperature drops below a
threshold value, there is the risk of insufficient tack [27] - the ability of the slit-tapes
to stick to the surface - and subsequent process failure. It is therefore imperative to
influence the process temperatures to a suitable window of operations during layup.
The AFP machines used in the experiments conduct the heat input in the form
of two-bulbed IR lamps by Heraeus Noblelight. Their measurements show a close
relationship to a lambert radiator [76], as depicted in Figure 4.1.

1 Emitter without Gold Reflector

2 Emitter with Gold Reflector

3 Emitter Location 

f G ff G f4 Location of Gold ReflectorLocation of Gold Reflector

Source

lmax

l(φ)

φ

Figure 4.1. Lambert cosine law compared with the radiation distribution of Heraeus No-
blelight IR emitter [76]

During the placement process the tool surface or the already placed substrate is
heated up in front of the nip point. When the tapes touch the surface, they take on
its temperature. This reduces the viscosity of the resin and activates their tackiness.
In combination with contact pressure distribution and lay up velocity, temperature
is the main driver for lay up quality.
Although there has been progress in recent years, heat input during the automated
manufacturing process is realistically still in development, and is not a mature tech-
nology - despite its extensive application in industry [28].
Understanding of the process temperatures is especially important for challenging
tool geometries. For multi-material tools like honeycomb - metallic tooling, heat
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input needs to be controlled, as head conductances and heat capacities vary widely.
For curved surfaces with complex kinematic movements and rotations of the robot
with subsequent varying heat input, knowledge of process temperatures is impera-
tive to avoid too little or too much heat input.
To understand the process and to reduce the gap between depth of understanding
and application, process models for single-material tools and linear motion of the
robot head were developed and validated. Then the model is expanded to cover
more complex tools along with the sophisticated 3D rotational and translational
movements of the placement robot. To experimentally determine the effects of heat
input during the placement process, and to validate the simulation models, two
different fibre placement machines with two different slit-tape materials were used.
For flat placement experiments, the material Toray T800S/3900-2 was used, for the
placement on the tapered honeycomb an aerospace grade prepreg material by Hexcel
under NDA, which is referred in the following as Hexcel.

4.1. Literature review for thermal analysis of
automated composite manufacturing processes

In commercially available software packages, regulation of the power output, and
therefore the process temperature, is usually dependent on the kinematics of the
placement head and is independent of tool or slit-tape material properties. To reduce
this gap in design, many thermal models have been developed, mostly reducing the
problem dimensionally and therefore neglecting in-plane effects of the heat transfer.
Tierney et al. [77] model heat transfer and void dynamics in the thermoplastic tow
placement process to quantify the effects of process parameters. They use a 1D
through-thickness model including convective heat transfer. On-line processing of
hoop wound composite structures is proposed by Chern et al. [78–81]. They use
radiation in the form of a volumetric or surface heat flux in a 2D Eulerian domain,
and focus on the influence of independent and dependent scattering. Sarrazin and
Springer [17] use a 2D finite element approach to calculate both thermoset and
thermoplastic fibre placement in a combined thermal-stress model. The heat input,
in the form of convective, conductive or microwave heating, is applied as a constant
heat flux on a moving surface area. The thermoplastic fibre placement process is
modelled thermally by Sonmez et al. [82], coupled with a crystallisation kinetic model
with constant heat flux boundary conditions in a steady state process. Pitchumani
et al. [83] use a previously created 2D heat transfer model for the thermoplastic
tow placement process for optimisation and the development of a process window
for in-situ consolidation. Kim et al. [84] suggest a possible in-situ cure of hoop-
wound cylinders using radiative heating. They developed a 2D model with a moving
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constant heat source covering a certain arc length of the cylinder. One of the first
papers to take thermal contact resistance into account was Barasinski et al. [85].
They focus on the thermal modelling of the thermoplastic tape placement process
which takes into account the imperfect bonding existing between the different layers
of the substrate. Narnhofer et al. [86] present the current state of the art in simulating
the tape-laying process for thermoplastic matrix composites, including imperfect
bonding and polymer healing.

Due to the progression in computational power, recently some work concerning
thermal simulation for fibre placement/tape laying was conducted in the three-
dimensional (3D) domain. Hassan et al. [87] use a Lagrangian formulation to solve
a 3D problem in the fibre placement process. They validate their model by con-
tinuously winding tapes onto a cylindrical mandrel. The used heat source is a hot
gas nozzle modelled as constant convective heat transfer over an arc-length of the
cylinder. Chinesta et al. [88] propose a new methodology to model complex coupled
thermo-mechanical models for the AFP process for an efficient simulation. They
combine a laser heat source with a novel 3D approach. Hörmann et al. [89] use a
2D FD model with heat input as diffuse lambert radiator. They neglect heat flow
perpendicular to the placement path, and assume perfect contact.

Although there are many more process models available, few include the effect of
heat flow in all directions. Most existing models that include radiative heating apply
the heat input constantly over a certain area. The view factor - the orientation of
two areas relative to each other in space - of a quasi Lambert-radiator IR lamp, and
therefore its radiation distribution, is neglected.
Only recently has the importance of thermal contact conductance been introduced [28,
85, 88]. Contact conductance is highly influenced by the surface roughness of the
contact partners [90]. For toughened AFP materials, surface roughness plays a major
role concerning void content and tack [3], as well as for through-thickness thermal
conductance [91]. Levy at al. [92] state the significance of the effect of thermal con-
tact resistance for thermoplastic automated placement processes.
Little work was done to understand the effect of the radiation distribution of an
industrial scale IR lamp in combination with the thermoset AFP process. Due to
the influence of the radiation distribution of the IR lamp, there will be heat input
over a large area of the tool throughout the whole process, along with in-plane and
through-thickness heat flow in tool and substrate. The placement on multi-material
toolings including complex geometry finds little attention in literature. The highly
time-dependent behaviour of heat transport along with the complex movement of
the robot plays a mayor role during the placement process, and needs to be further
analysed.
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4.2. Thermal material models

For transient thermal simulation models for homogeneous material, three material
properties need to be available to predict thermal conduction within the material:

• Density

• Conductivity

• Specific heat of the material

Further, for adequate boundary conditions, following material parameters need to
be known:

• For surface radiation heat input: emissivity

• Thermal contact conductance for non-perfect contact

Due to the little temperature difference, free convection on the surface is neglected.

Depending on the material used, thermal properties may be temperature dependent.
For orthotropic materials, e.g. the slit-tapes or Nomex honeycombs, conductivities
have direction dependent behaviour. In the case of Nomex honeycomb, the properties
have a high spatial variance due to the inhomogeneous design. Within this study
the properties were homogenized with direction dependency.

4.2.1. Thermal material model for uncured pre-impregnated
tapes

For different test setups the two prepreg materials Toray’s T800S/3900-2 and Hexcel
were used.
Both are toughened aerospace grade fibre placement materials with comparable areal
weight and fibre volume fraction.

4.2.1.1. Density

To determine the slit-tape density, strips of similar length were cut from the spool.
Every strip was measured in length, as well as its thickness determined at different
points of the strip. With the known width of the slit-tape, the volume was calcu-
lated.
Then the mass of each strip was measured using a Mettler precision scale. With
mass and volume, density was calculated.
For Hexcel a mean thickness of 0.217 mm±3.6× 10−3mm was measured, and there-
fore a mean density of 1.33× 10−3g/mm3 ± 1.1× 10−5g/mm3 calculated.
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Toray’s T800S/3900-2 was measured with a mean thickness of 0.221 mm±0.007 mm,
and a mean density of 1.278× 10−3g/mm3 ± 7.496× 10−5g/mm3 was calculated.
The density is assumed to be independent of temperature.

4.2.1.2. Thermal conductance

According to Johnston [93] temperature dependency of thermal conductivity for
prepreg material can be calculated, using

λ11 = λr · (1− ϕf ) + λ11
f · ϕf (4.1)

for fibre direction and

λ22 = λ33 = λr ·


(

1− 2
√
ϕf/π

)
+ 1
B

π − 4√
1−B2ϕf/π

tan−1

√
1−B2ϕf/π

1 +B
√
ϕf/π


(4.2)

with
B = 2 ·

(
λr
λ22
f

− 1
)
. (4.3)

for transverse fibre direction. These approaches do not include internal voidage
within the tapes, however, with the small void percentage within aerospace grade
tapes this effect was assumed to be negligible.
With the conductivity of the fibres in fibre direction λ11

f = 35.10 W/mK [94] and
Johnstons linear dependency on temperature [93] of the resin system HexPly 8552

λr = 0.148 W/mK + 3.43× 10−4 W/mK◦C · T (◦C) (4.4)

and the assumption of zero cure, following linear temperature dependencies for
prepreg tapes can be approximated:

λ11PP = 1.44× 10−4 W/mK · T (◦C) + 20.42 W/mK (4.5a)

and

λ22PP = λ33PP = 1.01× 10−3W/mK · T (◦C) + 0.44 W/mK. (4.5b)

Although applied material parameters have been partly taken from a different prepreg
system, the assumption of similar material parameters can be made, as both ma-
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terials are toughened aerospace grade prepregs with comparable areal weights and
highly similar viscosity profiles. Therefore above parameters were used for both
prepreg materials used during testing.
Furthermore parameter studies have shown that deviations of the thermal conductiv-
ity in and transverse to fibre direction have little effect on the process temperatures
due to the small thickness of the slit-tapes.

4.2.1.3. Specific heat

Specific heat of Toray T800S/3900-2 The specific heat values were taken from
Dykeman [95]. With the assumption of zero cure and therefore a fully rubbery state
the temperature dependent specific heat takes the linear form of

cpT = sr0 · T (◦C) + cr0 (4.6)

with sr0 = 2.84644 · 10−3 and cr0 = 1.1966.

Specific heat of the Hexcel material The specific heat was measured using Dif-
ferential Scanning Calorimetry (DSC). After initial calibration of the machine, the
specific heat capacity was measured using Equation 4.7:

cpT = 60 ·H ·K
HR ·M

, (4.7)

with cpT the specific heat capacity in [J/g/◦C], K the calibration constant, H the
measured heat flow in [mW ], HR the heating rate of 10 ◦C/min and M the sample
mass in [mg].

The resulting linear approximation for the temperature dependency below cure tem-
perature is stated in Equation 4.8:

cpT = sr0 · T (◦C) + cr0 (4.8)

with sr0 = 3.59 · 10−3 and cr0 = 0.91.

4.2.2. Thermal material model for Nomex honeycomb

The material used for following studies was Hexcel Nomex HRH-10-1/8-3.0.
This product consists of Dupont’s Nomex aramid-fibre paper dipped in a heat-
resistant phenolic resin to achieve the final density. It features high strength and
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toughness in a small cell size, low density non-metallic core [71].
For all thermal models the 0.05 mm thick adhesive film is neglected as material
parameter, however the full area is used to calculate heat input into the material.

4.2.2.1. Density

The density ofHexcel Nomex HRH-10-1/8-3.0 is stated in the product data sheet [71]
with 48.055 kg/m3 with a maximum deviation of ±10 %.

4.2.2.2. Thermal conductance

According to Hexcel’s Honeycomb property sheet [71], through-thickness thermal
conduction of Nomex honeycombs is temperature dependent. The little dependency
on honeycomb thickness is neglected.
The in-plane conductances are reversely calculated by concluding to the thermal
conductance of the pure core material λcm using the Swann and Pittman model [96],
stated in Equation 4.9:

λ33Honeycomb = λcm
∆A
A

+ λc,gas

(
1− ∆A

A

)
+ λc,rad. (4.9)

With ∆A = 6·tc·Shex, tc the measured cell wall thickness 0.05 mm, and Shex =
√

3
3 ∗Sc

with Sc as the cell size 3.175 mm. A as the nominal area with (Shex)2 3
2

√
3. kcm is

the conductivity of the core material and kc,gas the conductivity of air. Conductivity
through radiation, kc,rad, is neglected.
Fatemi and Lemmen [97] take this model and conclude from the through-thickness
conductivity to in-plane properties with following Equations 4.10a and 4.10b:

λ11Honeycomb = 1.5 · kcm · tc
Sc

(4.10a)

and

λ22Honeycomb = 1
3
kcm · tc · Sc

S2
hex

. (4.10b)

Figure 4.2 depicts the resulting homogenized orthotropic thermal conductivity de-
pendent on temperature in a range between −18 ◦C and 204 ◦C.
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Figure 4.2. Orthotropic thermal conduction of Hexcel Nomex honeycomb HRH-10-1/8-3.0

4.2.2.3. Specific heat

According to Bitzer [98] the specific heat of Nomex / phenolic (HRH 10) honey-
combs is in a range between 1170 J/gK and 1338 J/gK. Within this study the value
of 1338 J/gK has been found to represent the material behaviour adequately. Tem-
perature dependence is neglected.

4.2.3. Emissivities of the irradiated surfaces

Emissivity values for slit-tape prepregs and oxidized aluminium were taken out of
literature [99].
For the placement on the tapered honeycomb covered with an adhesive film, emis-
sivity values were gained using infrared thermography in combination with the mea-
surement with TCs. Both temperature values were compared, and the emissivity
was reversely calculated by aligning the temperature of the thermography image
with the measured temperature of TC 11 at the same time step (see Figure 4.3).
The large drop in temperature at the thermography values comes from the overlap
of the cooled placement head.

Emissivity values of the shadowing areas of the head are assumed to be close to
1.0, to omit undefined reflection within the simulation model. Table 4.1 lists the
emissivity values used in later simulation.

4.2.4. Thermal contact conductances between two parts

Due to asperities or irregularities of the prepreg surface perfect contact cannot be
assumed [28, 30, 85, 92].Therefore heat transfer needs to include the thermal contact
resistance between all relevant contact partners.
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Figure 4.3. Thermography Emissivity calculation with help of the thermal video analysis,
the light barrier as well as the TC recording

Surface Material Emissivity Value [-]

Aluminium Tool 0.3
Slit-Tape Material 0.9
Adhesive Film on top of honeycomb 0.65
Placement Head 1.0

Table 4.1. Emissivity values for irradiated surfaces

According to Madhusudana [90], heat transfer through a joint depends on surface
roughness, hardness, and conductivity of both joined materials. Moreover thermal
contact is highly dependent on the contact pressure.
Due to the computational efficiency of the 1D model, it was used in this work to
calibrate thermal contact conductances between the tool and the first ply, hTP , as
well as between each ply, hPP . A parametric study was conducted and the values
have been found by aligning local maxima and minima of the temperatures to the
experimental values.
The thermal contact conductance, which is reversely proportional to the thermal
contact resistance, is implemented as heat flow between two surfaces. Within this
studies, contact conductance is assumed to be independent of temperature or pres-
sure. A detailed discussion can be found in Section 4.6.5 of this Chapter.
Table 4.2 lists all used contact conductances within this study.

Contact Partners Contact Conductance Value
[
mW/mm2K

]
Tape - Tape 5.5
Tape - Aluminium 0.55
Tape - Adhesive Film 0.55

Honeycomb - Aluminium Tool 0.55

Table 4.2. Thermal Contact Conductances between surfaces
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Thermal contact conductances were reversely gained through parametric studies of
the simulation models described in Section 4.3.4. It is assumed the difference in
conductances between two tapes arises from the viscoelastic contact under elevated
temperatures. Further studies are necessary to determine the complete contact de-
pendency on the AFP process variables.

4.3. Thermal modelling

To predict the thermal history of the AFP process and gain insight in the relevant
heat transfer mechanisms, following different dimensional depth is used:

• One-dimensional (1D) finite difference model for fast and efficient parametric
studies

• Two-dimensional (2D) finite difference model for heat up and cool down phase
prediction as well as heat flow in the placement plane

• Three-dimensional (3D) finite element model to capture the relevant effect of
3D heat flow in the tool and substrate.

In the following, aspects of heat transfer are closely evaluated along with AFP
specific boundary conditions, as well as their numerical solution methods.

4.3.1. Aspects of heat transfer

To model the different thermal experiments, transient heat transfer equations are
used. Taking the general law of energy conservation

∂

∂t

∫
V
ρ cp dV = −

∫
∂V
q̇i dAi (4.11)

and the definition of Fourier’s Law

q̇ (x) = −λ∇T (x) , (4.12)

with ρ the density, cp the specific heat capacity, V the equivalent volume, A the
equivalent surface, λ the direction-dependent thermal conductance and T tempera-
ture, adequate transient thermal process models are derived.
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4.3.2. AFP specific thermal boundary conditions

For analytical or numerical solutions to transient heat transfer models, boundary
conditions have to be applied. In the case of the described experiments, the following
boundary conditions were implemented:

• The initial temperature T0 of the tool, substrate and slit-tapes at t = 0 s

• Thermal insulation at the bottom of tool was:

q̇x3 = λ33 dT
dx3

∣∣∣∣∣
x3=0

= 0 (4.13)

with λ3 as the transverse conductivity.

• Infrared radiation input on the topmost area was:

q̇x3 = εϕ12ηH
dP
dA (4.14)

with ϕ12 the view factor (detailed in Section 4.3.3), ε as the emissivity of the
substrate, ηH the coefficient of efficiency of the heat source to convert electrical
power into radiation and P the electrical power consumption of the IR lamp.

• Thermal contact conductance (detailed in Section 4.2.4):

q̇x3 = hC · dA · dT (4.15)

with hC = hTP for contact between tool and ply 1 and hC = hPP for contact
between all further plies.

The effects of heat flow due to free convection were neglected due to the small
temperature differences.

4.3.3. Radiation heat transfer

Radiation is the energy emitted by matter in the form of electromagnetic waves (or
photons) as a result of the changes in the electronic configurations of the atoms or
molecules [100]. Kirchhoff’s law of thermal radiation describes the emission, trans-
mission and absorption behaviour of a solid body. Under the assumption of no trans-
mission, heat absorption due to radiation equals its emissivity. Lambert’s cosine law
states the radiant intensity from an ideal diffuse radiator to be directly proportional
to the cosines of the angles between the two surface normals, as is the case of the
two IR lamps used in the thermal experiments. Therefore, radiation heat transfer
between surfaces depends on the orientation of the surfaces relative to each other
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as well as their radiation properties [100]. To account for the relative position of
two surfaces A1 and A2, the purely geometric quantity called the view factor, based
on Lambert’s cosine law, has to be calculated. It is independent of material prop-
erties or process temperatures. The general equation of the view factor for surfaces
A1 → A2 takes the form

ϕ12general = 1
πA1

∫
A2

∫
A1

cos(β1) cos(β2)
r2 dA1dA2, (4.16a)

where β1 and β2 are the angles between the respective area normal vector and the
vector between both surfaces −−−→A1A2, and r = ||−−−→A1A2||.

As the dimensions of the IR lamp used in the experiments were much smaller than
the tool, the assumption of a point-source as heat source without spatial expansion
can be made. Alongside this, the 2D lebesgue measure of the area A1 becomes zero
and Equation 4.16a simplifies to

ϕ12pointsource = 1
π

∫
A2

cos(β1) cos(β2)
r2 dA2. (4.16b)

In the case of a zero-dimensional heat input for a 1D model, Equation 4.16b further
reduces to

ϕ120D = 1
π

cos(β1) cos(β2)
r2 · A2. (4.16c)

4.3.4. Thermal models

The 1D and 2D FD models were implemented to cover the placement on a flat tool
surface with a linear path. The 3D FEM models are parametrized to cover any type
of tooling, from flat to more complex shape with multiple materials.

4.3.4.1. 1D Finite Differences thermal model

A detailed description of the 1D thermal model can be found in Lichtinger et al. [28]
and is omitted here.

4.3.4.2. 2D Finite Differences thermal model

The heat transfer equations in Section 4.3.1 are reduced to a two-dimensional state,
and solved using the commercial software MatLab.

The model (Figure 4.4) consists of:

• the tool with defined thickness and length,
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• n initial plies, with n ∈ N0,

• a portion of current ply, where the model is expanded with every time step to
account for additional parts of the current tape and

• the IR lamp as point source.

∆x
1

∆x
3PP

∆x
3T

x1 , m

x3 , n

h
PP

h
T

h
PP

T
PP0

P

n
max

m
max

Figure 4.4. 2D FD simulation model discretised with a rectangular mesh

All boundary conditions as well as material properties taken from Section 4.3.2 and
Section 4.2. The movement of the head is input as constant velocity, with updated
view factor every time step. The model is solved implicitly transient for predefined
amount of plies.

4.3.4.3. 3D Finite Element thermal model

To solve the transient 3D heat transfer equations described in Section 4.3.1 and
include in-plane as well as out-of-plane heat flow, an implicit FEMmodel was created
using the commercial FEM software Abaqus CAE (see Figure 4.5).

The model is fully parametric, allowing the study of a multitude of varying param-
eters.
The models consist of:

• The tool as a 3D continuum, without restrictions in dimensions and complexity,
with the possibility of manual CAD import.

• Already deposited plies or portions of the plies as shell elements. These account
for conduction in all directions, as well as the influence of thermal contact
conductance between all plies.
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Figure 4.5. Abaqus 3D FEM Models for flat placement experiments on the Coriolis Com-
posites 8×1/8′′ slit-tapes by LCC (right) and for the placement on the honey-
comb surface Coriolis Composites 8× 1/4′′ slit-tapes (left) by Fraunhofer ICT
FIL. Images not to scale.

• For every path to be placed one individual model part modeled with shell
elements. During the solving of all time steps, the simulation model is expanded
with individual portions of the ply pathwise after completion of each path of
the robot.

• The IR lamp as surface with two defined sides as heat input and heat output
modelled as shell elements.

• The shadow casting surfaces of the placement head modelled with shell ele-
ments. The idealized surfaces have a fixed temperature, and absorb all radia-
tion directed at the surface.

The model is transiently discretised by defined time steps, separated by the sequence
of paths to be placed as input parameters.
Solving of the model happens in 2×(amount of paths)+2 time steps in the sequence
of:

1. Head moves from home position to starting point of path 1

2. Head moves along path 1 until the end of the path

3. Head moves from end point of path 1 to start point of path 2. The model is
expanded with the material placed at path 1, and a thermal contact with the
underlying substrate is created

. . .

(n-2). Head moves along path n until the end of the path

(n-1). Head moves from end of path n into home position. The material for the last
path is created along with the thermal contact

n. Cool-off time for an equalisation of temperatures, there is no radiation from
the IR lamp
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The simulated IR lamp emits at set power. Depending on the AFP machine used
for validation, the IR lamp is switched on or off in transition between two paths.
The view factor is recalculated after every time increment using Equation 4.16a.
Boundary conditions are equal to Section 4.3.2, with the exception of the lamp
surface of 19.0 mm × 40.0 mm for the 1/8′′ AFP machine, and 23.0 mm × 70.0 mm
for the 1/4′′ AFP machine, taking into account the influence of the area and the
aspect ratio of the lamp.
The emissivity values of Section 4.2.3 were used as input for the aluminium surface,
the honeycomb surface as well as the substrate plies.

All models described above predict the temperature history during the AFP process
on different levels. These predictions could be used for a thermal control of the
process including an on-line feedback loop. These possibilities are discussed in detail
in Section 4.6.8.

4.4. Thermal measurements

To validate the thermal models, several placement experiments have been performed
to capture bulk and surface temperature. First, both bulk and surface temperatures
were evaluated during the placement of a flat structure on a aluminium tool. Further,
the experiments were expanded for the placement on a honeycomb structure. For
both the placement of a flat plate as well as the placement on a tapered honeycomb
structure, the temperatures have been evaluated and compared with simulation
results.

Figure 4.6 depicts the Coriolis Composites AFP machine used for the tests on the
tapered honeycomb. The machine is capable of placing simultaneously eight slit-
tapes with a width of 6.35 mm each. The machine uses a gold-plated two bulbed IR
lamp with a nominal power of 525 W and a nominal heated area of 70 mm× 23 mm.
The Hexcel material was used in the tests.

For the flat placement on an aluminium tool a different Coriolis Composites AFP
machine was used (Figure 4.7). That machine can place eight slit-tapes with a width
of 3.18 mm each. The machine uses a IR lamp by Heraeus Noblelight with a quartz-
coated reflector. Its nominal power output is 440 W, and the nominal heated area
is 40 mm × 23 mm. The material used in the tests was slit Toray T800S/3900-2
prepreg.
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Figure 4.6. Coriolis Composites AFP ma-
chine for 8 1/4” slit-tapes, lo-
cated at Fraunhofer Institute for
functional Lightweight Design in
Augsburg, Germany

Figure 4.7. Coriolis Composites AFP ma-
chine for 8 1/8” slit-tapes, lo-
cated at Institute for Carbon
Composites in Munich, Germany

4.4.1. Measuring bulk temperatures with thermocouples

Bulk temperatures were measured with type K TCs in combination with a National
Instruments CompactRIO and a LabVIEW recording routine. With the flat place-
ment experiments, the TCs were fixed between ply 1 and 2 [28]. At the placement on
a tapered honeycomb, five TCs were fixed on top of six layers of tape in front of the
honeycomb, and 15 TCs were fixed on the adhesive film covering the honeycomb.
The different test setups are depicted in Figure 4.8.

Figure 4.8. Setup for bulk temperature measurement

The signal of a light barrier, when the placement head passed through it, was used as
a time stamp. With that, the repeats of the measurements could be shifted towards
each other, so the mean temperatures as well as the error limits could be calculated.
The upper error limits were computed using T+err = Tmax − Tmean and the lower
error limits T−err = Tmean − Tmin for all measurement points.
TCs were calibrated at the beginning of the measurements to room temperature.
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4.4.2. Measuring surface temperatures with thermography

A FLIR A305/325 sc thermal camera by FLIR Systems was used to measure the
surface temperature during the experiments. For the placement experiments on the
flat tool, the thermal camera was mounted to the placement head for the local surface
temperature distribution. The camera recorded with 30 Hz, and temperatures were
evaluated perpendicular to the movement direction with the length of 63 mm, 35mm
in front of the nip-point. Lower and upper error limits are calculated similar to bulk
temperature [28].
For the placement experiments on the tapered honeycomb the camera was next to
the test setup for a complete overview during the process. Figure 4.9 shows the
resulting images of both test setups.
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Figure 4.9. Resulting thermography images of flat placement tests (left) and placement on
tapered honeycomb (right)

As the heat source is an infrared emitter with similar wavelengths to the thermal
camera, special care has to be taken to evaluate the experiential results. This includes
avoidance of direct IR radiation onto the camera lens, as well as special attention of
the evaluated surfaces, that have a spectral reflection of the IR lamp.

4.4.3. Tracking the movement of the placement robot

The movement of the placement head is completely defined by the robot program-
ming with the six Degrees of Freedom (DOF) of the Tool Centre Point (TCP) in
relation to the tool coordinate system.
The placement program gained from kinematic AFP offline simulation consists of
two files:

• One file containing all points of all paths along with the desired cardan orien-
tation
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• One file with specific commands for the placement robot, including point-to-
point movement, maximum velocity between two points as well as AFP specific
actions, e.g. cutting and restarting of tapes or control for the IR lamp

The two files are transferred manually to the human machine interface (HMI) at the
AFP cell. There, the internal programming of the robot, in this case KUKA KR240
with KR C4 controller, interprets the NC programming. The programmed speeds
from offline simulation are maximum values. The unknown internal robot program-
ming overrides these maximum speeds with values that are safe for application.
When considering the maximum speed of a placement on a tapered Honeycomb, it
would take four seconds, while the actual experiment took more than 15 seconds.
The resulting velocity depends heavily on the allowed acceleration of the individual
axes of the robot. Especially on sections of paths where stub-axles four, five and
six of the robot experience large movements, the real speed of the robot will reduce
drastically. Further, when paths with a large amount of points are laid up, the ve-
locity also depends on the calculation capacity of the robot’s processor.
Therefore, to use the robot program code for simulation input, the actual robot
velocity needs to be mapped to the specific path points.
To do this, video analysis was used. The in-plane translational and rotational move-
ment of the robot was tracked with a bright LED spot. The spot was mounted to
the roller centre of the placement head, as depicted in Figure 4.10, and the complete
placement procedure was captured with video.
The recorded video was enhanced in contrast and colour using the open source
video editing software VirtualDub. In the next step the movement of the robot was
analysed automatically using the open source software Viana.NET 4.

Figure 4.10. Movement Tracking Procedure a) video with LED spot b) enhancement of
contrast c) automated analysis

With the known distance between touch-down and lift-off point of the placement
head from the robot source code, the distances out of the video analysis could be
converted from the pixel size to actual distances, in accordance with the appropriate
time stamp, and therefore mapped to the robot program code.
As this tracking procedure is purely 2D, complex out of plane movement of the
robot cannot be captured. The tracking along with the known paths of the robot
was sufficient for an accurate analysis for the experiments described within this
work.
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4.4.4. Test setups for flat and honeycomb - placement

4.4.4.1. Placement of a flat structure - test setup

The test data is taken out of the test series from Lichtinger et al. [28]. The test setup
is the placement of a flat plate with dimensions 450 mm× 450 mm on a 1410 mm×
910 mm× 8.0 mm thick aluminium plate.

Figure 4.11. Robot Path for the placement on ply 3

Table 4.3 lists the relevant machine parameters as well as the processing conditions.

Angle of IR lamp towards nip point 20.0◦
Horizontal offset of the centre of the lamp from roller centre 132.0 mm

Vertical offset of the lamp centre from substrate surface 60.3 mm
Deposition velocity 0◦ 59.1 mm/s

IR lamp - electrical power uptake 318 W
Compaction Force 250 N

Roller diameter 34.0 mm
Roller width 30.0 mm

Table 4.3. Test setup and geometric dimensions of the AFP head

As the experimental setup is fully described in Lichtinger et al. [28], a detailed
description of the setup is not provided at this point. Table 4.3 lists all relevant
boundary conditions.

4.4.4.2. Placement on a tapered honeycomb - test setup

The thermal tests were conducted on a Coriolis Composites AFP machine with
the capability to deposit 8 × 1/4′′ narrow tapes simultaneously, stationed at the
Fraunhofer ICT FIL.
The tool was a 1400 mm× 1400 mm× 8.0 mm flat aluminium plate. To prepare the
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manual deposition of the tapered honeycomb, an initial placement of one layer of
tape was conducted. This prevented the honeycomb to slide due to transverse forces
during the latter testing.
In front of the honeycomb six layers of tape with a width of 2×50.8 mm were placed
to simulate an initial substrate similar to industrial applications. The test setup is
depicted in Figure 4.12, with superimposed rotational and translational movement
of the robot.
At the touch-down point of the placement head a light barrier was installed to align
the repeats of the tests in time, so mean values could be calculated.
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Figure 4.12. CAD Drawing of the test setup of the placement on the tapered honeycomb
including the path of the AFP head with superimposed translational (red)
and rotational (black) movement of the robot

The actual test was conducted by placing one path of tapes across the tool, already
placed tapes and honeycomb six times. This resulted in a layer of six tapes along
the path.
To capture the bulk temperatures five TCs were fixed to the already placed tapes in
front of the honeycomb. The fixture procedure was to use the same material as the
underlying substrate, therefore for the 5 TCs on the already places tapes, a small
strip of tape with the average length of 10 mm was used, and for the 15 TCs on the
honeycomb small patches of adhesive film with the average size of 10 mm × 10 mm
(see Figure 4.13). The locations of the TCs are superimposed, starting from the edge
of the already placed plies.

The stripes and patches already exhibited adhesive behaviour due to their nature,
therefore making them a good fixture method. The locally increased thickness at the
measuring spots with the accompanying measuring deviations had to be accepted.
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Figure 4.13. Fixtures of the TCs on the adhesive film of the honeycomb structure including
their location

4.5. Comparison of results of experiments and
simulation

4.5.1. Results of the flat placement

The transient 3D model, as well as the 1D model, were used alongside the ex-
perimental work to gain insight into the thermal history of both bulk and surface
temperatures of a complete ply area during the deposition process [28].
For comparison of 1D, 2D and 3D simulation results with experiments, solely the
centre path is evaluated in higher detail in the 0◦ placement of ply 3. Accordingly
one TC at the centre path (TC 12) is used to evaluate simulation results. Starting
temperatures of the simulations of the pure centre path were elevated to 24 ◦C to
account for the preceding heat input of the ten previous passes of the placement
head.

4.5.1.1. Bulk temperatures

Point-wise measurements clearly show the passing of the AFP head and the influence
of the IR lamp at a distance. Figure 4.14 depicts TC 15 during the placement
of ply 3. It is apparent that the radiation distribution of the IR lamp cannot be
neglected. Although local heat is dissipated quickly into the tool, the global rise in
temperature within the part is significant. Comparing the simulation results of the
1D model in ply 3 with the experimental results, before passing of the AFP head it is
evident that the temperature was underestimated, whilst at the locations of the lamp
near the measurement point, and after the passing of the head, temperature was
overestimated. This was expected with the 1D assumption of no in-plane conduction.
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Whereas the 3D FEM simulation results, including in-plane heat dissipation, are in
good agreement with the experiments and well within error limits.
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Figure 4.14. Bulk temperature of TC 15 during placement of ply 3, compare Lichtinger et
al. [28]

Figure 4.15 shows temperatures 12 ◦C less than during placement of ply 3 in Figure 8,
and local temperature spikes during placement appear smoother. Again simulation
results of the 3D model show good agreement, although maximum temperatures are
not captured as accurately.

During the experimental placement of ply 10, the setup did not get sufficient time
to reach ambient temperature (Figure 4.16), as perhaps would be expected in some
production style phases of manufacturing, and so the experimental data was shifted
by 1.5 ◦C to account for that. Due to the high temperature difference between IR
lamp and substrate surface, it is assumed that the temperature shift has negligible
influence on the general temperature gradients. The maximum bulk temperature
of 28 ◦C was less than during the layup of ply 7, and the temperature difference
between each sequential pass was smoother. 3D simulation results show good agree-
ment, whereas the 1D model underestimated the temperature prior to passing of
the measurement spot, and overestimated it for the rest of the ply.

Experimental testing allowed for the bulk temperature distribution across the area
of the tool surface to be captured during the placement of the plies. This enabled
a detailed analysis of temperature variations across the tool surface. Evaluated pa-
rameters were maximum temperature perpendicular to the placement path, as well
as the final temperatures for each TC.
Figure 4.17 depicts four perpendicular lines of paths at maximum temperature and
the final temperature at the end of the placement for ply 3. The starting point of
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Figure 4.15. Bulk temperature of TC 15 during placement of ply 7, compare Lichtinger et
al. [28]
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the placement for ply 3 was the corner adjacent to TC 01. The maximum placement
temperature increases with the advancing number of finished paths, and then con-
verges. The final temperatures of ply 3 were evenly distributed perpendicular to the
path direction, but elevated compared to the starting temperature. It is worth not-
ing that there was a temperature gradient along the path length. Temperatures were
higher at the beginning of the paths than at the end, so creating a 2D temperature
gradient across the layup area.
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Figure 4.17. Max. and end temperature of ply 3 distributed over the placement area,
compare Lichtinger et al. [28]

Figure 4.18 shows maximum and final temperatures of ply 7. The starting point
for ply 7 was the corner adjacent to TC 20. Again, temperatures increased with
progressing paths, and the gradient parallel to the path direction was apparent on
the maximum temperatures. The final temperatures have a distinguished gradient
perpendicular to the path direction, but no temperature deviations along the paths.
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Figure 4.18. Max. and end temperature of ply 7 distributed over the placement area,
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The maximum and final temperatures during placement of ply 10 are depicted in
Figure 4.19. There is a distinct temperature gradient for both maximum and final
temperature, depending on the advancing paths.
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Figure 4.19. Max. and end temperature of ply 10 distributed over the placement area,
compare Lichtinger et al. [28]

Shown measurements show the placement of individual plies, with an allowed cool-
down period between every ply. In an industrial scale placement process this cool-off
period may not be integrated for production reasons or efficiency. Therefore, after
one ply is completed, the immediate start of the placement fo the subsequent ply
follows. As the temperature gradient still exists from the placement of the previous
ply, the quality of the process may be affected. Further work is necessary to quantify
these effects. A detailed discussion on the implication of temperature control for path
planning strategies can be found in Section 4.6.3 of this chapter.

4.5.1.2. Bulk temperature during placement of the centre path

Bulk temperature was measured between ply 1 and ply 2. Measurements were eval-
uated during the placement of ply 3, which is a 0◦ ply.
Figure 4.20 depicts the bulk temperature measured at TC 12, compared to 1D, 2D
and 3D simulation results. At the beginning the experimental temperature is ele-
vated due to previous heat input.
The 1D simulation results show delayed response of temperature by 0.2 s, which
was expected because of absent in-plane heat flow. Further the 1D results show the
highest magnitude of temperature with a deviation from experimental results of
51.5 ◦C, 49 % compared to initial temperature, as well as slower cool-down due to
the inability of conducting heat in-plane away from the measurement point.
The 2D simulation results show accurate response in temperature rise, as heat flow
in fibre direction is possible. The temperature magnitude is 2.7 ◦C below the 1D
simulation results, and 6.4 ◦C above experimental values. The cool down phase is
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mostly influenced by the advancing current ply at ambient temperature, which adds
constantly a thermal sink into the system, therefore cooling it. With the 2D assump-
tion the cooling effect adds overly proportional thermal mass to the model, therefore
the cool-down phase is over-predicted.
The 3D thermal FEM model shows accurate results in temperature rise. The mag-
nitude is 5.9 ◦C below 1D and 3.2 ◦C below 2D results respectively. Nevertheless,
the maximum temperature is over-predicted by 3.2 ◦C compared to experimental
results. The final temperature of the 3D simulation results agree well with experi-
mental values.
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Figure 4.20. Ply 3 Bulk temperatures of TC 11

These results show that the influence of the compaction roller as well as the contin-
uously placed tapes with increasing amount of plies needs to be further evaluated.

4.5.1.3. Surface temperature

Surface temperatures were evaluated experimentally using infrared thermography.
The camera was mounted to the placement head. A path perpendicular to the place-
ment path was evaluated and compared to simulation results.

Surface temperature perpendicular to path direction Figure 4.21, taken out of
Lichtinger et al. [28], shows the surface temperatures during the placement of ply 3 in
the middle of the ply during path 10, compared to simulation results. Temperature
magnitudes as well as the gradients right and left to the placement path are in
good agreement to simulation results. However the measured temperatures on the
placement path are over predicted due to the fact that the IR lamp is reflected on
the placement head, and added to the measured value of the thermal camera. It is
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assumed that the noise in the measurements arise from insufficient contact to the
plies beneath, therefore heating up the top plies higher than normal.
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Figure 4.21. Results of Thermography and simulation of surface temperature during the
placement of ply 3 [28]

Equivalent results are shown in Figure 4.22, which compared experimental values
to simulation results during the placement of ply 10. Again, simulation results show
good agreement to experiments next to the placement paths, and experimental val-
ues are over-predicted by 3.2 ◦C on the placement path.

Maximum surface temperatures during the placement of ply 3 and ply 10 differ by
3.9 ◦C experimentally and by 5.1 ◦C in simulation. At the placement of ply 10, the
temperature gradients perpendicular to the placement path is steeper, due to the
higher maximum temperatures.

Temperature in path direction The temperature in path direction is depicted in
Figure 4.23. As soon as the entry of the radiation sphere is reached, the temperature
starts to rise. At the point of the maximum view factor, the temperature rise has its
highest derivative, but has not reached maximum temperature. The point of maxi-
mum temperature is at the equilibration between heat dissipation into the tooling
and heat flow into the surface from the IR lamp. After this point, the temperature
reduces up to the nip point.

The process should be adjusted so that the highest surface temperature is at the
nip point. This is not the case in current configuration.
The point of highest temperature is, among other factors, highly dependent on:

• Tool material,
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Figure 4.22. Results of Thermography and simulation of surface temperature during the
placement of ply 10 [28]

0

10

20

30

40

50

60

-100 -50 0 50 100 150 200 250 300 350

S
u

rf
ac

e
 T

e
m

p
e

ra
tu

re
 [

°C
]

Distance from Nip Point [mm]

Temperature [°C]

20°

Entry in 
radiation cone

Maximum 
temp. rise

Nip point

Figure 4.23. Temperature along the path direction from simulation (left) and evaluation
path (right)



4.5 Comparison of results of experiments and simulation 85

• Amount of plies already placed,

• heat output of the lamp,

• orientation and position of the lamp with regard to the nip point, e.g. the view
factor and

• deposition material.

Therefore, for the prediction of maximum temperature, and an adjustment of the
process variables so the point of highest temperature is close to the nip point, it is
imperative to consider above mentioned process variables.

Radiation distribution The 3D FEM model opens the possibility of complete
overview of the radiation distribution between all surface elements. So the irra-
diated heat from the IR lamp can be quantitatively evaluated between individual
portions of the model.
With the lamp power output of 318 W and a efficiency of 90 %, the radiation power
output of the lamp is 286.2 W. With the emissivities of the tool of 0.3 and the sub-
strate of 0.9, radiation heat input in the plies as well as the tool surface can be
evaluated.
Figure 4.24 depicts the radiation distribution at the time step when the IR lamp is
at the centre of the ply.

• ElectricaldPowerdUptakedofd
thedIRdlamp:d318dW

• Efficiency:d0.9
• Radiationdpower:d286.2dW

Radiationdinputdondpath:

Radiationdinputdadjacentdtod
path:

Radiationdtodambient:

44.5 W = 15.55 %

65.87 W = 23.01 %

175.8 W = 61.44 %

• Emissivity:
• Tool:d 0.3
• Tapes:d 0.9

Figure 4.24. Radiation distribution as simulation result

15.6 % of incident energy is actually input on the placement path, therefore contribu-
tion to wanted elevation of temperature. However, 61.4 % is radiation input adjacent
to the paths, therefore contributing to unwanted temperature elevation and ageing
of the already placed substrate. 23.0 % is irradiated to the ambient environment.
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4.5.2. Placement on a tapered honeycomb

4.5.2.1. Experimental results

The Figure Series 4.25 shows the temperature measured with the 20 TCs along the
path. The first five TCs are fixed on the six plies in front of the honeycomb, 15 TCs
are fixed on the tapered honeycomb. Mean values are displayed in bar graphs at the
location of the actual TCs. For clarity error bars were omitted.

With the rotating movement of the robot at the crossover from flat surface to the
tapered honeycomb, the IR lamp irradiates the first portion of the top of the hon-
eycomb for a longer time. This increases the temperature disproportionately at this
area. When the roller reaches the top of the ramp, it speeds up to reach the pro-
grammed velocity, therefore reducing heat input under the IR lamp, as it has less
time to act on the surface. The backwards ramp of the honeycomb experiences a
higher view factor, as it is almost parallel to the IR lamp, and therefore also experi-
ences a disproportional high temperature rise. The temperature of TC 11 is depicted
in Figure 4.26, along with the signal of the light barrier. With the reduced emissiv-
ity of the adhesive film maximum process temperature during first ply is at 63 ◦C,
while temperatures reach 90 ◦C during following paths. It is worth noting that the
maximum temperatures appear to stay constant during the placement of ply 2 - 5,
with slightly reduced maximum temperatures at later plies.

At these elevated temperatures of up to 90 ◦C, typical aerospace grade prepregs start
to experience the start of cure reaction. Further, with prolonged exposure to high
temperatures, the material will be artificially aged, therefore reducing material life.
These risks are discussed in detail in Section 4.6.2 of this chapter.

Figure 4.27 depicts the maximum temperatures during the placement of each ply.

As expected, highest temperatures are at the first part of the top of the honeycomb.
The IR lamp has the maximum dwell time at this location, as the roller crosses over
from the flat aluminium tool to the tapered section of the honeycomb.
Maximum temperatures for ply two to five are all within error limits, concluding
that the thermal contact resistance between the adhesive film and honeycomb as
well as the thermal conductivity of the honeycomb itself are the main drivers for
temperature maxima, and thermal conductance of the tapes and thermal contact
resistance between tapes have a negligible effect.
The maximum temperatures for ply 1 is 64.3 ◦C, 74 % of all further plies with 86 ◦C.
That is due to the emissivity of 0.65 of the adhesive film compared to the emissivity
of the black tapes of 0.90.
The first five TCs are fixed to the layer of six tapes in front of the honeycomb. There
a distinguished temperature gradient is visible over the amount of placed plies. At
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Figure 4.25. Series of images showing the temperature distribution along the placement
path on the honeycomb during the placement of the first path
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Figure 4.26. Experimental temperature of TC 11 during placement of all plies
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Figure 4.27. Maximum temperature values for all plies

the placement of ply 1 the temperatures start with 47 ◦C. With each further ply the
maximum of TC 1 temperature drops. Therefore it becomes apparent that the main
driver for maximum temperature here is thermal conductance as well as thermal
contact resistance between tool and the first ply. With the higher thermal mass of
the aluminium flat tool, the maximum temperature is considerably lower that at
the honeycomb section. TC 1 and TC 2 experience higher maximum temperature
then TC 3 - 5. This due to the fact that TC 1 and TC 2 are irradiated prematurely
before the placement head starts to move along its path direction. The IR lamp is
switched on, 1.00 s before the roller touches the tool, and 1.72 s before the placement
head starts to move along the path. As the placement head accelerates, TC 3 - 5
have a decrease in maximum temperature.

Figure 4.28 shows the temperature values for all plies at the end of the placement
of each ply. As the test setup cooled off during movement of the placement head,
the main drivers for the heat dissipation become apparent. The general trend of
the temperature distribution along the placement path stays comparable to the
maximum temperatures. Highest end temperatures are at the first portion of the
top honeycomb section. However, there is a distinct gradient of end temperatures
over the number of placed plies. At the end of ply 1 the temperature of TC 11 is 40 ◦C
lower that at the end of ply 6. On the one hand this is due to the lower emissivity of
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Figure 4.28. Temperature values of all TCs at the end of each ply

the adhesive film, and therefore lower maximum temperatures. The second reason for
the temperature gradient over amount of plies there is more thermal storage within
the plies, therefore concluding that one driver for the end temperatures is contact
conductance as well as conductance within plies. Third reason for the gradient in
end temperatures is the continuous placement process. The maximum temperatures
are cooled off when the roller presses the new tapes against the substrate. Therefore
the temperature of the roller as well as the temperature of the new tapes play a role
that is yet to determine.

4.5.2.2. Surface temperature

Figure set 4.29 shows the placement of ply 1, with emissivity fixed to 0.65. As
detailed in Section 4.5.2.1 the maximum temperatures occur at the first part of the
top of the honeycomb.

As the head progresses, with increasing speed the surface temperature reduces. At
the ramp down section temperature is disproportionally high due to the higher view
factor.
Figure 4.30 shows the surface temperature at the location of TC 11 over time. The
six temperature peaks along with the six plies are clearly visible. The disproportional
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Figure 4.29. Series of images showing the surface temperature during the placement of the
first path
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large temperature drop occurs as the compaction roller conceals the evaluation point.
Therefore that portion is excluded from evaluation.

The emissivity is set to 0.65 up to time 25 s - until the first pass of the roller - and
then set to 0.90 to account for the emissivity differences between the adhesive film
and the slit-tapes.
The surface temperature reaches 71.1 ◦C at first ply. During placement of second
ply the surface temperature reaches 101.2 ◦C, an increase of 42 %. From ply three
onwards the surface temperature stays constant with 86 ◦C.
It is presumed that the disproportionally large temperature increase during ply 2 is
caused by insufficient tack of the first layer, and therefore highly increased thermal
contact resistance.
The temperature drop after passing of the roller is of significance, as this shows
that the roller along with the newly placed tapes are a major factor in tempera-
ture drop on the honeycomb. After passing of the roller the temperature reduces
further through conduction, although this effect is considerably slower than through
temperature drop of the roller.
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Figure 4.30. Surface temperature spot at location between TC 10 and 11 during the place-
ment of all plies

After the end of the placement the test setup was allowed to cool off, therefore eval-
uating the temperature drop over a prolonged period of time. The end temperature
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of the surface after the placement of ply 6 was 70 ◦C. After 160 s cool-off time the
surface temperature was still elevated at 40 ◦C.

The surface temperature perpendicular to path direction 8.0 s after movement start
of the head is displayed in Figure 4.31.
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Figure 4.31. Surface temperature perpendicular to path direction (right) for all six plies
(left)

A gradient surface temperature is clearly visible, with the heated area not delimited
to the actual placement line. Highest temperature is directly at the centre of the
path, with gradients towards the outer edges of the honeycomb.

4.5.2.3. Simulation results compared to experimental values

In the following simulation results are shown, compared to the experimental values
when appropriate.
Figure 4.32 shows the simulation result of the thermal simulation 8.0 s after move-
ment start of the head during first ply. The motion of the head is a direct input
from the video analysis.
It is apparent that the area of maximum temperature lies underneath the IR lamp.
At the nip point section the temperatures are greatly reduced.
Elevated temperatures are visible at the touch down point of the head, as the IR
lamp has increased dwell time on that specific area.

Figure 4.33 features the experimental values of TC 11 compared to the simulation
result of the node at the location of TC 11.

It is apparent that the maximum peak during the placement of the first ply is in good
agreement between simulation and experiment, with 3.5 ◦C difference. The cool-off
after ply 1, however, is over-predicted in the simulation, with a resulting difference
of 6.0 ◦C (28.7 % compared to initial temperature). The temperature increase during
the placement of ply 2 is then under predicted. This effect continuous up to ply 6,
with increasing temperature difference between simulation and experimental values.
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Figure 4.32. Plot of the simulation result in the Abaqus CAE environment 8 s after place-
ment start with perpendicular temperature evaluation path
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Figure 4.33. Experimental values compared to simulation results at TC 11
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However, comparing not the absolute temperature values, but the relative temper-
ature differences between cool-off and temperature rise ∆T , the difference between
simulation and experiment at TC 11 lies between 2.9 ◦C at first ply and −9.7 ◦C at
second ply, with the difference reducing with increasing plies. (compare Figure 4.34.
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Figure 4.34. Temperature differences while passing of the IR lamp for all six plies: exper-
imental values compared to simulation results

Figure 4.35 depicts the maximum process temperature during the placement of ply 1
in comparison between experimental and simulation values. As the cool-off phase is
not accurately predicted with the pure thermodynamic model, solely temperatures
during the first ply are compared.
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The temperatures on the honeycomb are with good agreement, however the tem-
peratures on the tape stack in front of the honeycomb are under predicted. It is
assumed that the fixture method falsifies the results, as hot spots appear on the
thermal camera images at the spots of the TC measurement points. Further, the
simulation results at the bottom of each ramp of the honeycomb highly overshoots
the measured values. It is presumed that with the little honeycomb thickness ther-
mal conductivity is highly influenced during the experiments. This fact was not
modelled, therefore creating these temperature over shoots.
Figure 4.36 shows the surface temperatures 8 s after movement start of the first ply,
compared to experimental results. The predicted temperature lies well within error
limits at the path centre. However, temperatures are underpredicted left and right
of the path, indicating a too little in-plane heat flow.

Figure 4.36. Surface temperature during placement of ply 1, 8 s after movement start

This concludes that the discontinuous method of the purely thermal simulation,
without the effect of roller contact and continuous feeding of the tapes, is appropriate
for the evaluation of temperature differences. However to accurately capture cool-off
effects, further models have to be developed, including roller contact and continuous
feeding of the tape.

4.6. Discussion

4.6.1. Influence of process parameters

The machine and process parameters

• heat output of the IR lamp,

• deposition material properties,

• tool material properties,

• deposition velocity,

• position and orientation of the IR lamp and
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• process kinematics

have high influence in process temperatures.
When the velocity is reduced, and the heat output of the IR lamp is not adjusted
accordingly, the heat input is inverse proportional to the velocity, i.e. the radiation
dwell time. The orientation and position of the IR lamp influences the area of heat
input, as well as the magnitude through the view factor. With different deposition
materials and different tool materials along with varying material properties, tem-
perature dissipation may vary significantly.
Parametric studies were conducted with the simulation models to conclude to the
sensitivity of the process parameters. The results are depicted in Figure 4.37.
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Figure 4.37. Process parameters variations for lamp angle, lamp normal height to the
substrate and the lamp power output

The lamp angle has little influence on maximum temperature, however when the
lamp angle changes further, the substrate will not be irradiated and process tem-
perature will decrease disproportionally. There is an linear relationship between
power output of the lamp and an inversely proportional relationship of lamp height
to maximum process temperature.

4.6.2. Process temperature influencing material life

4.6.3. Process temperature as input for path planning strategies

Measured and simulated results show that thermal history during the layup pro-
cess must be taken into account. There is a distinct temperature gradient along the
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sequence of the paths in the bulk material. This needs to be considered for the plan-
ning of multi-angle layups. Depending on the starting point of each path, substrate
temperatures are dependent on the previously placed plies. For several successive
plies, there is a chance that this effect will multiply and therefore the danger of
hot spots increases, resulting in material degradation or cold spots, with insufficient
tack. Regarding the deposition strategy, e.g. linear or chaotic deposition, results will
be different depending on the sequence of the paths. Its is presumed that a general
chaotic layup strategy will reduce the temperature gradient effects and may generate
an even temperature distribution on the tool surface.

On complex tool geometries it may be necessary to plan the complete layup accord-
ing to thermal properties of tool and material, to avoid excess or unevenly distributed
temperatures.

Depending on the placement algorithm and the AFP machine settings, the IR lamp
is switched on during lift-off of the previous path and touch-down to the tool of
the next. Usually the AFP head has a very low velocity just before touch-down and
some preprogrammed dwell time at the touch-down point. When the IR lamp is
switched on, there is an influence on the substrate temperature. On the one hand
this can be used to counter tack problems at the starting points of the path but on
the other, as this effect creates a temperature gradient along the direction of the
paths which has to be taken into account concerning hot spots and tack effects for
multi-angle layups.
It is therefore imperative for the path planning to take thermal management into
account, i.e. by offline thermal prediction or experimental measurements.

4.6.4. Effects of simplifications and validity of the models

The purely thermodynamic simulation models neglect important aspects of the AFP
process, and therefore the results are influenced by these effects. The effects of the
compaction roller, along with its pressure distribution and its cooling or heating
effects is not considered. For an aluminium tooling the pure thermal model was
proved to be valid. For the honeycomb test setup, where the roller contact plays an
important role due to the reduced cool-off, the simulated temperature magnitudes
are valid solely for the first passing of the head, and the cool-off phase is not predicted
correctly.
With the neglect of the pressure compaction roller, a thickness change of the placed
tapes is also omitted, and therefore the changed material thickness and density of
the tapes. In the further Sections these effects are discussed in detail.
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4.6.5. Temperature dependent and pressure dependent contact

According to Madhusudana [90], heat transfer through a joint depends on surface
roughness, hardness, and conductivity of both joined materials. Moreover thermal
contact is highly dependent on the contact pressure as well as temperature due to
the viscoelastic behaviour of the resin. Levy et al. [92] found the intimate contact
between two thermoplastic tapes to be highly dependent on both pressure and tem-
perature.
Within this work, thermal contact is neither temperature nor pressure dependent.
As the compaction roller has contact with the substrate, the normal pressure im-
proves intimate contact, and therefore contact conductance. In combination with
local temperature increase with decreased viscosity of the resin, contact is assumed
to improve. With the placement of more than one ply, when the compaction roller
passes the area more than one time, contact will further be affected.
Usually in an industrial application, after a certain number of plies, the layup is
debulked to allow for good layup quality. Depending on number of debulking cycles
and debulking time, contact efficiency may vary.
Within the thermoset AFP process, thermal contact conductance is assumed to be
dependent on following parameters:

• Local roller normal pressure distribution

• Set compaction force of the AFP machine

• Layup velocity, therefore pressure application time

• Number of plies along with number of passings with the compaction roller

• Debulking time and total layup time

• Amount of debulking cycles

• Process temperature history

• Local temperature during application of pressure

Due to the computational efficiency of the 1D model of the flat placement, it was
used in this work to calibrate thermal contact conductances between the tool and the
first ply, hTP , as well as between each ply, hPP . A parametric study was conducted
and the values were found by aligning local maxima and minima of the temperatures
to the experimental values.

4.6.6. Temperature influence of the compaction roller

The compaction roller has major influence on the AFP process. Its pressure distri-
bution and its conformity allow the tapes to stick to the tool surface.
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The tool surface or already places substrate experience elevated temperature due to
the heat input of the IR lamp. When the roller then contacts the surface, it is also
heated up through conduction. In the same process the substrate is cooled off as the
roller and the substrate / tool balance their stored energy.
In an industrial scale thermoset AFP head the compaction roller is cooled by a
stream of cold air. However this cooling is limited, so a constant increase of temper-
ature in the compaction roller was experienced during the testing.
As the roller is not represented in the purely thermodynamic models, these effects
are neglected. As proven in Section 4.5.1, that simplification is valid for tools with
higher thermal mass then the roller, i.e. the aluminium tool. However, the honey-
comb with different thermal properties it was found that the cool-off effects of the
compaction roller has a significant influence and cannot be neglected.
The temperature increase and peak temperatures are driven by the heat source in-
teracting with the substrate in front of the nip point. Therefore peak temperatures
during one passing of the head can be accurately predicted. The cool-off phase must
be regarded with great care, especially with follow up passes of the placement head.

4.6.7. Design of the heat source

As mentioned in Section 4.5.1.3 of this chapter, solely 15 % of the radiation output
of the IR lamp arrive at the placement path. 95 % of power are either absorbed by
adjacent paths or the tool, or are emitted to ambient. This leads to the conclusion
that an IR lamp may not be an adequate heat source for the AFP process. Its
diffuse characteristics delivers heat into parts where no heat is needed, and this may
lead to negative effects like artificial ageing or even partial cure [28]. The uneven
distribution of heat elevates the temperature of the tool and substrate unevenly, and
creates temperature gradients across the tool surface.
Therefore it is concluded that a directive, regulated heat source is needed, that is
able to irradiate defined portions of the tool surface. In thermoplastic AFP laser
heating is the common chosen heat source, as it may be controlled efficiently, and
allows for a directed heat input. However, the drawbacks of laser heating are the
safety requirements, as well as the initial cost of investment, therefore it is infeasible
for thermoset AFP. A further possible heat source may be IR LED heating [101].
As proposed earlier the compaction devise may incorporate the function as a heat
source. However, care must be taken that tack is enhanced on the opposite side of
the tape, in contact to the tool surface, so the tapes do not stick to the roller surface.
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4.6.8. Control of temperature dependent on processing
conditions

The results of both experiments and simulation show the definite need for process
control. In industrial AFP applications, temperature output is regulated by place-
ment velocity at best. Neither material properties nor tool geometry is considered.
Especially in the case of multi-material tooling or complex geometry such as the
aforementioned honeycomb-aluminium combination, these effects influence the pro-
cess highly. Therefore, process temperature needs to be controlled actively through-
out the complete process.
Process temperature could be integrated early in the design process. Within the
path programming software thermal simulation could be included. Then both ge-
ometry or material properties could be taken into account in terms of temperature.
This implies an increased workload early in the design phase, as not only the surface
geometry needs to be designed, but the complete structure of both tool and sub-
strate to be placed as well as all material parameters. However, the benefits would
by far outweigh the increased workload. Heat output could be directly controlled
in relation to position of the placement head, layup rate, material properties and
further process parameters.
Another possibility of the simulation models described in Section 4.3.4 is the incor-
poration of an temperature control feedback loop. With the known design of both
tool and layup, the process temperature could be measured online during layup far
ahead of the nip point. These temperature values could be used as input for online
thermal prediction with resulting controlled heat output. For this the simulation
needs to be faster than real time, which is the case with the 1D and 2D FD thermal
model. The advantage of this method would be the direct feedback loop, therefore
taking into account individual process parameter such as ambient temperature or
unforeseen variables.



5. Thermo-mechanical coupled
model of the AFP process

In Chapter 4: Thermal measurements and thermal models for AFP the predicted
temperatures were accurate during heat up phase when compared to experimental
results. However, the influence of the continuous placement process as well as the
compaction roller was neglected.
Within this chapter, these influences are studied in greater detail, and a thermo-
mechanically coupled model is developed which incorporates these effects.

5.1. Literature review on thermo-mechanical coupled
process models for AFP

The behaviour of the slit-tapes during placement plays a certain role during place-
ment. The in-plane bending and shear behaviour of the slit-tapes are vital for the
understanding of steering effects. Due to the viscosity of the matrix system, the
mechanical behaviour of the tapes is highly temperature dependent. To study the
temperature dependent mechanical effects, some work is available on thermoplastic
tape placement.
Sarrazin and Springer [17] study both mechanical and thermal aspects of thermoset
and thermoplastic fibre placement in a sequentially coupled thermal-stress simula-
tion model. Schledjewski and Latrille [102] propose a fundamental tool for thermo-
plastic AFP process simulation, which includes several components dependent on
thermal and mechanical properties of fibre placement material and boundary condi-
tions. Khan et al. [103] states that both thermal and mechanical properties affects
the mechanical strength of the composite produced by thermoplastic laser assisted
AFP. Chinesta et al. [88] propose a numerical reduction method to reduce thermo-
mechanically coupled models for the laser-based thermoplastic AFP process, which
is refined by Barasinsiki et al [104, 105] and Poulhaon et al. [106]. They study the
effects of non uniform thermal contact and thermal history in laser assisted ther-
moplastic tape placement on residual stresses for in situ consolidation. Narnhofer et
al. [86] present an overview of thermoplastic tape placement depending on thermal
and pressure boundary conditions on deformation behaviour and in situ consolida-
tion. Sonmez and Akbulut [107] opimize the thermoplastic AFP process towards
residual stresses and processing speeds.
Little work is available on coupled process models for the thermoset AFP process. To
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close this gap in design, a thermo-mechanically coupled process model is developed
to study the effects of the sequential placement as well as deformation behaviour on
temperature distribution.

5.2. Thermo-mechanical coupled model for the
placement on 3D tapered honeycomb structures

5.2.1. Material model for the temperature dependent bending
behaviour of slit-tapes

The behaviour of the slit-tapes during placement play a certain role during place-
ment. On the placement of variable stiffness laminates, e.g. Blom et al. [108], the
in-plane bending behaviour of the slit-tapes is important. However, for the place-
ment on convex or concave surfaces, the in-plane properties are assumed to be of
minor importance, and the bending behaviour of the tapes is dominating the tape
deformation behaviour.
During the placement on concave and convex structures as is the case with a ta-
pered honeycomb, the tapes are required to bend sufficiently to allow complete
contact within all areas. When the tapes do not bend enough, the risk of bridging
defects occur.
The tapes are assumed to be a temperature dependent inhomogeneous elastic mate-
rial. Due to the short term application any viscous behaviour is neglected. The fibres
are loosely held together by the uncured resin. The fibres have high stiffness under
tensile load, but under compression stress the fibres will buckle and carry very little
load. Therefore it is important that the bending stiffness of the tapes is decoupled
from tensile stiffness.
To measure bending behaviour, a test rig from characterisation of drapeability of
fabrics is used. The test rig is based on Peirce [109], and is fully standardized in DIN
53362 [110]. The test setup is depicted in Figure 5.1 with the design out of [110]
(left) and the actual test (right).

Although this test measures the bending behaviour under self loading, and in APF
the tapes experience external loading due to compaction of the roller, it is pre-
sumed the bending stiffness does not vary significantly with a variance in boundary
conditions.

To evaluate the data, the line load FLB in [N/mm] due to gravity can be calculated
using Equation 5.1 [110]:
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Figure 5.1. Test setup for the characterization of the bending behaviour of uncured prepreg
material with conventions (left [110]) and the actual setup (right)

F1 = g · mS

lS
, (5.1)

with mS the mass and lS the length of the sample and g the gravity acceleration
with 9.81 m/s2.
The bending stiffness B1 in [N ·mm2] is then determined by Equation 5.2 [110] with
lS0 the overhang length of the sample:

B1 = FLB ·
(
lS0

2

)3

. (5.2)

To determine the temperature influence on bending stiffness, the test was repeated
at elevated temperatures. Six repeats of each test was made to gain insight into
repeatability.
The material behaviour with decoupled bending stiffness is implemented in the com-
mercial FEM software Abaqus CAE. There, the tapes are modelled with S4 shell
elements with orthotropic material orientation. To decouple the bending behaviour,
every element of the slit-tapes is copied to the same position, and the nodes of
the elements merged. One element is assigned pure membrane behaviour, therefore
representing the in-plane behaviour of the tape, and one element is assigned pure
bending behaviour without in-plane properties.
The in-plane properties are assumed to be of minor importance during the place-
ment on a tool surface on a path with single curvature. The material properties are
taken out of Lukaszewicz [6]. He uses similar aerospace grade toughened slit-tape
material. The bending behaviour is implemented in the form of an isotropic mate-
rial behaviour with the temperature dependent elastic modulus E1 calculated with
Equation 5.3:
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B1 = E1I1 → E1 = B1/I1, (5.3)

with I1 = wS ·h3
S

12 the area moment of inertia, with a width wS of 6.35 mm and a
measured thickness hS of 0.22 mm. The resulting bending stiffness as a function of
temperature as well as the calculated elastic modulus as input for the model are
depicted in Figure 5.2. bending stiffness reduces potentially with increasing tem-
perature, with a roughly halved bending stiffness for every temperature increase of
20 ◦C. At 100 ◦C bending stiffness is reduced by 96 % compared to room temperature
values.
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Figure 5.2. Slit-tape bending stiffness as a function of temperature of material 2

The influence of the model to bending perpendicular to fibre direction is neglected,
as there is no bending on the placement of a straight path with single curvature.

5.2.2. Mechanical placement model

With the available model of the compaction roller, as one of the most prominent and
important influencing factors for the layup quality and the material model for the
bending behaviour of the slit-tapes, an mechanical model for the placement process
is designed within the commercial FEM Software Abaqus CAE.
The model describes the complete placement process, including each separate slit-
tape, the tool, and the kinematic movement of the placement head. Figure 5.3 depicts
the model of the placement head.

The model consists of:

• 3D compaction roller with material properties taken from Chapter 3.3

• Rigid place-holder for the actual placement head including all relevant kine-
matic points
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Figure 5.3. Overview of the mechanical model. Image not to scale.

• Individual slit-tapes with the length of the course

• Guiding channels for the slit-tapes

• Lamp surface and shadowing areas of the head for import in thermal analysis

• Arbitrary tool geometry, in current input from Section 4.4 of Chapter 4.

The model is fully parametrized to be easily adaptable to any AFP machine, and is
accustomed to arbitrary tool geometries. The roller consists of 5040 C3D8 elements,
the flat plate part of the tool of 812 C3D8 elements, the tapered honeycomb part
of 1428 C3D8 elements. All elements for the slit-tapes consist of S4 shell elements,
the guiding chanels for the tapes are rigid R3D4 shell elements and the wire head
consists of 31 RB3D2 rigid beam elements. The model is solved implicitly including
non-linear large deformations.
Boundary conditions of the actual model include:

• Kinematic movement of the rigid wire as placeholder for the actual placement
head: five DoFs as direct input from the robot programming detailed in Chap-
ter 4.4.3, with the exception of the translational DoF in the vertical axis of
the robot

• Fixed bottom surface of the tool flat plate

• TCP in the vertical axis of the robot in the form of the compaction force

• Top edge of each individual slit-tape as the tape pretension

The boundary conditions of the placement path are input in the TCP of the rigid
place-holder for the actual placement head. The kinematic movement of the head
is input from the robot programming detailed in Chapter 4.4.3, for five DoFs, with
the exception of the translational DoF in the vertical axis of the robot. Here, the
defined compaction force is applied, with contact definitions between compaction
roller, slit-tapes and tool surface. Further, standard penalty contact definitions are
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applied to all contacting parts of the model with rough tangential contact behaviour,
with exception of the tape guiding channels, which exhibit no friction behaviour.

5.2.3. Sequential coupling with thermal simulation

The mechanical model detailed in Section 5.2.2 is coupled with the thermal simula-
tion from Chapter 4. The coupling procedure consists of:

1. Creation of the mechanical model

2. Input of the geometry to thermal simulation

3. Solving of the thermal simulation transiently with a defined time step ti ac-
cording to Chapter 4

4. Import of the temperature field to the mechanical simulation

5. Solving of the mechanical model implicitly transient with the time step ti
6. Geometry update of the thermal model with input from mechanical results

7. Restarting the thermal simulation with previous temperature field and new
geometry

8. Repetition from Step 2 until the placement is completed

The coupling procedure is further described in Figure 5.4.

After the simulation is complete, the full time-dependent temperature field can be
compared with experimental values.

5.3. Thermo-mechanical coupled results of simulation
validated with experiments

Thermal results including incremental geometric changes in the model are depicted
in Figure 5.5, 8 s after movement start during the placement of ply 2. It is apparent
that the maximum temperature is underneath the IR lamp, in front of the nip-point.

In the following, both surface and bulk temperature results will be compared to
experiments that are described in Section 4.4.4.2 of Chapter 4.
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Figure 5.4. Sequential coupling procedure of the thermo-mechanical coupled model
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Figure 5.5. Simulation result during placement of ply 2, 8 s after movement start
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5.3.1. Temperatures at the honeycomb interface compared with
simulation results

Figure 5.6 shows the comparison between experimental and simulation result during
the placement of all six plies on TC 14. The heat up and cool down phases are
comparable, although there is a certain difference visible. Differences lie between 5 ◦C
during the placement of ply 1 and 2 ◦C during the placement of ply 6. The prolonged
cool-off phase after the sixth paths are completed is also captured accurately. Further
shown are the six signals of the light barrier, as the head touches down.
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Figure 5.6. Temperature at TC 14: Comparison between Experiments and thermo-
mechanically couples simulation results

The maximum temperatures of all TCs during all six paths are compared to simu-
lation in Figure 5.7. The highly varying temperature distribution is captured accu-
rately, with a maximum difference of 15 ◦C during the second ply and a maximum
difference of −5 ◦C during the last ply. It is presumed that the difference during
second ply arises from insufficient contact of the first ply. Varying contact efficiency
is neglected in the model.

The final temperatures of all TC for all plies are depicted in Figure 5.8 and compared
to experimental values. It is apparent that for first ply the final temperatures agree
very well with experimental values. As the number of plies rises, the temperature
difference of the end temperature also rises, until there is a maximum difference of
−15 ◦C for ply six.
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5.3.2. Surface temperatures

Resulting surface temperatures were evaluated in the simulation model and com-
pared to experimental values obtained in previous experiments. Figure 5.9 shows
that both values are comparable, with highest differences during the placement of
the first ply. During the experiments the surface temperature of all further plies
is comparable, with the exception of ply 2, where insufficient contact leads to ele-
vated temperatures. This effect is not captured in the model, therefore all simulation
values reach similar temperatures, 30 ◦C higher than first ply.
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Figure 5.9. Surface temperatures perpendicular to placement direction, 8 s after movement
start

The temperature gradients are over predicted, which leads to under predicted tem-
peratures left and right of the path centre. This corresponds to simulation results
of Chapter 4, and leads to the conclusion that in-plane conductivity values of hon-
eycomb differs between simulation and experiments.

5.4. Discussion

With the sequential coupling of thermal and mechanical simulation, the continuous
placement of the slit-tapes is modelled. This includes the cooling effect of the freshly
placed slit-tapes as well as a continuous geometric update of the model. This opens
up new possibilities to predict the AFP process. However, the modelling approach
described above contains certain restrictions that will be discussed in the following.
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5.4.1. Model possibilities and restrictions

With the sequential coupling it is possible to accurately predict temperature as well
as the placement behaviour of the slit-tapes. The correct deformation and pressure
distribution of the roller is predicted. Along with the known process temperature
and process time, a model for pressure sensitive adhesives (PSAs) is developed in
Chapter 6, so the adhesive behaviour of the slit-tapes depending on pressure magni-
tude, time of contact and process temperature may be included in the FEM model
in future work.
However, the modelling approach holds some restrictions. The calculation time (6
CPUs) exceeds 48 hours for the six placement paths over the honeycomb structure.
The model needs to increase in efficiency to be able to predict the placement of one
complete ply or a full laminate. Further, with the sequential coupling, the tempera-
ture field influences the mechanical behaviour of the material, but not vice versa. A
special exception in this study is the update of the geometry. However, this means
that results of the mechanical simulation do not affect thermal results. Therefore a
pressure dependent thermal contact is not possible to model. Therefore temperature
and pressure dependent contact formation needs to be considered. The dependency
is discussed in detail in Section 5.4.2.
With the high number of non-linearities including large deformation and non-linear
contacts and the implicit numerical solver, convergence of the solution is an issue,
and depends on the quality of the mesh as well as mesh discretisation.

5.4.2. Pressure and temperature dependent contact

Intimate contact in AFP is dependent on contact time, contact pressure and process
temperatures as well as on the state of the prepregs in terms of surface topology.
However, the contacts in the simulation model contain a fixed value that does not
change with time, temperature or pressure.
Especially for high temperature gradients, as is the case during the placement on the
honeycomb, this dependency is no longer safe to neglect, and needs to be included in
future research. When the thermo-mechanical models are expanded to thermoplastic
AFP, the formation of intimate contact is of major importance.
The next step to improve the simulation model is to incorporate pressure, time
and temperature dependent contact. For this step, a fully coupled model is needed,
because mechanical results are influencing the thermal properties as well as the
thermal properties influence the mechanical results.
Further studies need to be undertaken to fully understand and characterize intimate
contact dependent on AFP process conditions.
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5.4.3. Cooling effect of continuous placement

When comparing simulation results of Chapter 4 and the coupled results above, it
is apparent that the cooling effect of the freshly placed tapes may not be neglected
for tools with low conductivities and specific heat. This corresponds with findings
from Chapter 4 Thermal Measurements and Thermal Models for AFP. Especially
for a tool material with low conductivities and high specific heat as Nomex hon-
eycomb, these effects may not be neglected, and play an important role in process
temperature.



6. Tack in Automated Fibre
Placement - theory and
application

The tackiness, i.e. the adhesive behaviour of the slit-tapes during deposition, is one
key factor during layup. When the compaction roller presses the slit-tapes to the
tool surface or the already deposited substrate, they have to completely stick to
the surface to avoid layup defects. The slit-tapes tack develops a behaviour similar
to a pressure-sensitive-adhesive (PSA)[27]. It strongly depends on the APF process
variables compaction pressure, pressure dwell time (therefore layup velocity) and
process temperature. Within this chapter, tack characteristics are discussed and a
model for tack developed, that is able to predict tack for prepreg material and AFP
boundary conditions.

6.1. Literature review for characterisation and
modelling of tack

6.1.1. Tack characterisation

According to Zosel [111], tack is not a fundamental material property, but a phe-
nomenon, that is conceived depending on its specific application. Different testing
methods provide values to a specific end-use performance [112], and therefore are
difficult to use as meaningful input for a physical understanding of tack.
Below, varying methods to determine tack are described including their advantages
and disadvantages.

6.1.1.1. Thumb test

One of the earliest test for tack was the thumb test. A skilled worker applies a
thumb with a certain pressure on the material to be tested, and removes it, therefore
experiencing the stickiness of the material [113, 114] (Figure 6.1).

With time and repetitions, the worker gains an "experienced thumb", so being able to
determine the amount of tack. This test is subjective and non-repeatable, depending
on the individual worker, and therefore is not suitable for a robust objective method
to determine tackiness.

115
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Figure 6.1. Figure of finger print on tacky surface, from Crossley et al. [115]

6.1.1.2. Rolling ball test

The rolling ball test [113, 116] measures tack by placing a steel ball on an inclined
surface, with the adhesive material at the bottom of the ramp (Figure 6.2).

Figure 6.2. Rolling Ball Tack Test, from Duncan et al. [116]

The roller is released at a defined hight, and the distance the roller travels on the
adhesive material is measured and used to quantify tack. There are some modifica-
tions to the test available, e.g. rolling cylinder or rotating drum [113].
The test is able to characterize tack, however, it does not take into account the
surface structure or the wet-ability of the adhesive material. Further, any plastic or
viscous behaviour of the material is neglected.
The test is suitable for rubber and tackifying resins [113]. Many functional adhe-
sives do not have sufficient tack to stop the ball in the maximum prescribed length
of tape, therefore no apparent roller tack can be measured.
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6.1.1.3. Probe test

Probe tests are mechanical simulations of thumb tack tests [113]. A probe contacts
the adhesive material with a certain force and dwell time, and is than removed at
a defined speed. The maximum required force to remove the probe is defined as
tack [113, 116].
A number of failure modes are observed occurring either in the bulk, possibly by
fibrillation, or at the surface by crack formation and propagation [44, 117, 118] .
Figure 6.3 depicts the test setup for the probe test.

Figure 6.3. Probe Tack Test Setup, compare Lin et al. [117]

After Crossley et al. [44], the probe test is considered to be less suitable for the
characterisation of ATL prepreg tack due to:

• Increased sensitivity to surface structure as well as entrapped air.

• Bulk failure may happen in the probe test, but is likely to be avoided due to
the continuous fibres during AFP and ATL.

• There is no known method to convert the results to peel mechanisms.

6.1.1.4. Peel tests

Peel tests are most commonly used in the PSA industry [113]. Different modifica-
tions, e.g. the Loop Tack Tests [116], a 90 ◦ or 180 ◦ peel test according to FINAT
Standard [119] or the most common test: the floating roller method [113, 120].

6.1.1.5. Peel tack test for AFP process parameters

To characterize tack that is closely related to tack experienced in ATL, the peel
tack test was developed by Crossley et al. [115, 121]. The test setup was further
developed to AFP processing environments by Stelzl et al. [122].
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Figure 6.4 depicts the general principle of the test rig. The setup is designed to
adopt comparable process conditions to a real AFP process.

Figure 6.4. Principle of the Peel Tack Test Rig, Stelzl et al. [122]

The material is fed from a spool, and compacted to the surface by a deformable
compaction roller with a defined force. A IR lamp heats the surface in front of
the nip point of the material feed. A linear axis pulls the material upwards with a
predefined speed, and measures the required force.
The fed material is separated into two parts:

• First part: The material is covered with a thin layer of PTFE, therefore omit-
ting tack.

• Second part: The material is not covered any more, enabling tack

This leads to a separated curve of the measured force (Figure 6.5). The first part
of the measured curve result from frictional losses and the bending stiffness of the
tape, the second part of the curve has additional value due to the tackiness of the
tape. When the mean forces of both parts are subtracted, the peel force due to tack
can be extracted.
The unique characteristic of the test is that it represents AFP conditions very well.
Velocity, compression force as well as heat input are comparable. The main difference
to the real AFP process is that the substrate is peeled off after the compaction
pressure is applied, opposed to real AFP when the peel is supposed to stay in place.
Therefore, the tack test bench is able to test for short term tack development.
However, long term tack cannot be covered.
The tackiness is measured in the form of a 90 ◦ peel force. The short-term character
of the AFP process is adopted, while most other peel tests are suitable for long term
compression forces. Further, the test can be applied to variable substrate materials
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Figure 6.5. Exemplary data from measurement of the peel tack setup [122]

easily, therefore enabling the possibility to study first ply behaviour on varying
materials.

6.1.2. Models for intimate contact

The definition of peel tack with both cohesive and adhesive failure strongly depends
on the true contact area AC = A

A0
. For many years scientist developed contact

theories starting with the fundamental work of Hertz in 1882 [67]. Greenwood and
Williamson [123] further develop the model towards a realistic microscopic contact
behaviour. They describe a rough surface with a Gaussian heights distribution of
spherical asperities with the same radius R. Although this contact model has been
expanded for viscoelastic materials, e.g. Hui et al. [124], it is valid for true contact
areas AC � 1 where the contact area depends linearly on the load. Later Greenwood
and Wu [125] revised their model, stating that peaks on a surface profile do not
correspond to asperities. Instead a fractal approach should be used.

Levy et al. [92] uses a modified Lee and Springer model to determine the link between
intimate contact and consequent thermal contact resistance during the thermoplastic
automated fibre placement.

Persson et al. [126–131] presents a surface model with a self affine fractal structure
using the surface roughness power spectrum. They present the model to be valid
for a high degree of intimate contact close to 1. Yang et al. [132] further developed
Perssons’s model to molecular dynamics interaction between a randomly rough rigid
body and an elastic flat block.
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6.1.3. Models for tackiness

Creton and Leibler [133] ask the for AFP so important question of "how does tack
depend on time of contact land contact pressure?". They model tack of polymer melts
on randomly rough rigid surfaces under short contact times and low pressures. They
further include molecular entanglement in the form of a power law with the result
that the critical contact time has strong molecular weight dependence. Kendall [134]
presents that adhesion is dependent on the interfacial surface energy, the geometry
and elastic constant of the adherent bodies. Tordjeman et al. [118] present a probe
test that is capable of studying the degree of intimate contact as well as tack strength.
They find that tack has a strong dependence on sample thickness, therefore pointing
out that the release energy is a function of contact area. Ahn et al. [112] use a
modified probe test to study prepreg tack. They find that the relaxed and unrelaxed
modulus of the prepreg stack along with relaxation time and initial void content are
the four material parameters that define prepreg tack. Derail et al. [135, 136] test
and model the adhesive behaviour for both cohesive and interfacial peel. They found
that for cohesive fracture viscoelastic properties in the terminal region of relaxation
are dominating. Interfacial peel splits into the regions rubbery, stick-slip and glassy.
Gay and Leibler [137] state that interply tack energies are intensified by air suction
in probe testing. Gent and Hamed [138] study the dependency of peel angle on
the peel force. They found that the theory of small bending is only valid when the
moment arm of the applied peel force is much larger than the length of the high stress
region in the bond. Kaelbe et al. [139–142] study rheology and rate dependency of
peel adhesives. They found that both molecular bond formation as well as boundary
stresses define cohesive and adhesive failure in peel. Lin et al. model a probe tack
test in detail using FEM [117]. They distinguish between frictionless and frictional
failure, concluding that edge effects from pure Mode I failure to a mixture between
mode I and II failure. They transfer their findings to the model of a 180 ◦ peel
test in [143]. They found that the peel rate is inversely proportional to the square
root of the adhesive thickness and directly proportional to F 3/4

P . Zosel [111, 144] tests
various polymers in a probe tack test. He concludes that tack is related to incomplete
bond formation and cannot be described with a viscoelastic material behaviour. It
is rather influenced by glass transition temperature and the entanglement network
of the polymer.
Crossley et al. [27, 115] experimentally determine peel tack under ATL process
conditions . They use a WLF shift function to show that for tack depending on
process temperatures time-temperature-superposition (TTS) is possible. Lichtinger
et al. [29] developed a theory to conclude to peel tack from the process variables
compaction pressure, pressure dwell time and process temperature.
Models for tackiness of PSAs range from molecular level to macroscopic phenomena
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like fibrillation. The picture that the literature above describes is that PSA tackiness
is a phenomenon that needs to be studied on many levels, and it is difficult to find
a general model for all physical, chemical and mechanical elements.

6.2. Analytical tack model in respect to AFP process
parameters

Within this study, the focus is on the tack between slit-tapes and the tool surface,
as “the first ply problem” is the area of high concern regarding tack. Further plies
exhibit elevated tack due to the adhesive behaviour of both contact partners.

6.2.1. AFP specifics applied to Pressure Sensitive Adhesives

Tack of slit-tapes is highly dependent of the AFP process parameters:

• Compaction force: With deformability of the roller resulting in compaction
pressure and contact length

• Layup velocity: With contact length of the deformed roller resulting in contact
time

• Process temperature

To understand tack of the slit-tapes depending on AFP process parameters, the
laws of pressure sensitive adhesives (PSA) have to be applied, and combined with
the theory of intimate contact between rough surfaces. With this knowledge, an
analytical process model can be derived, describing tack as the energy release rate
GIC , dependent on the process variables temperature, compaction pressure as well
as contact time, i.e. layup velocity, derived from the 90 ◦ peel tack test described in
Section 6.1.1.5.
PSAs exhibit a direct dependency of pressure magnitude and time of applied pres-
sure. With viscous behaviour of the resin there is further a dependency of process
temperature.
Furthermore tack is dependent on the manifold material conditions, such as:

• Humidity

• Shelf-Life of the resin

• Surface structure of the tool as well as the slit-tapes

As this study is focusing on AFP process parameters, the material conditions are
assumed to be constant. Therefore, the analytical tack model must contain the
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dependencies for contact time, pressure magnitude as well as process temperature.
Experimental values from literature are used to validate the analytical model for
intimate contact and tack.

6.2.2. Fracture mechanics for the 90° peel tack test

The energy balance for a 90 ◦ peel tack test as shown in Figure 6.6 sums up the
stored elastic energy in the peel substrate dW e, the plastic energy dissipated during
peel dW v and the energy release rate GIC of the fracture, compare Kinloch [145]:

(1− cosϕ)FPdx = dW e + dW v +GICWdx. (6.1)

W

φ 

FP 

Figure 6.6. Sketch of the peel tack test with process variables

However, for the peeling of slit-tapes the elastic term can be neglected as the stiffness
of the fibres is far greater than the adhesive forces. Further the plastic term can be
neglected as the fibres take on elastic material behaviour in fibre direction. With a
peel angle ϕ = 90◦, this leaves the term:

FP
W

= GIC ; (6.2)

with FP being the force required to peel the specimen off the substrate, and W the
width of the tape. Therefore, the quantity tack can be directly measured by the peel
force FP , and with the width of the tape expressed with the energy release rate GIC .
Failure can be roughly distinguished between
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• adhesive (Interfacial) and

• cohesive (Strength)

failure (compare Figure 6.7). Adhesive fracture appears due to mechanical, chemical
failure mechanisms as well as contact efficiency [113].

Figure 6.7. Adhesive (left) and cohesive (right) failure mechanisms during peel, compare
Lichtinger et al. [29]

Cohesive failure happens due to the weakened internal strength of the viscoelastic
resin, as well as to contact efficiency to a small part.
Models for peel must distinguish between both failure mechanisms.
Tordjeman [118] confirms experimentally what Raphael [146] suggested theoreti-
cally: A direct correlation between the adhesive energy release rate GICadh and the
true contact area AC :

GICadh ∼ (AC)2 , (6.3)

with am being a coefficient dependent on the maximum possible energy release, the
equation for GICadh becomes:

GICadh = am · (AC)2 . (6.4)

Therefore, the energy release rate in adhesive failure depends heavily on the true
contact area.
The cohesive fracture of a peeled tape is based on a weakened internal strength of
the resin [121]. According to [113] in the case of cohesive failure there exists a direct
linear relationship between bond strength of adhesive films.
In dynamometric tests the strength of the adhesive is expressed by force P or stress
at the moment of failure which, in turn, depends on temperature and deformation
rate.
Following relationship between cohesive strength and the process relevant parame-
ters feed rate and temperature exists [113]:

σC = kσ · vm · e
kT
T (6.5)
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Where kσ and m are parameters depending on the properties of bond elements and
test conditions and kT are parameters depending in the mechanical deformation
properties of the elements of the bond.
Furthermore [113] states under the assumption that shear stresses are negligible and
the materials are hookean solids that

GICcoh ∼ σC (6.6)

With the width of the tape w and substrate thickness being constant, and σc the
tensile strength of the adhesive.
Where kσ , kT and m are coefficient to be determined empirically. It is assumed that
the internal strength is further depending on intimate contact AC , as bond strength
can only develop where true contact developed, although the influence of A

A0
may be

small because in a cohesive fracture zone AC ⇒ 1. This is included in Equation 6.5:

GICcoh = AC · kσ · vm · e
kT
T . (6.7)

There a direct correlation between peel force and the process parameters peel rate,
compaction force and process temperature was found with only few material and
bonding parameters needed to be determined.
However, above model for cohesive failure depends heavily on parameters that must
be determined by testing and then fitted to suit the equation. This fact is discussed
in Section 6.4 of this chapter.

6.2.3. Intimate contact

Persson [131] recently developed a new contact mechanics theory which also includes
large pressures with A

A0
= AC ratios close to 1. He states that the real contact area

is based on the magnification level one looks at the surface roughness. In [132] Yang
further develops Persson’s theory to

AC = A

A0
= 1√

πG

p∫
0

dσe
−σ2
4G = erf

(
p

2
√
G

)
(6.8)

with p the pressure and

G = π

4

(
E (t)

(1− ν2)

)2 ξqL∫
qL

dqq3C (q) (6.9)
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For this purpose the surface power spectrum
ξqL∫
qL
dqq3C (q) was simplified as a con-

stant coefficient c and the stiffness as E∗ = Eresin
1−ν2

resin
therefore becoming:

G = π

4 (E∗)2 · c, (6.10)

dependent only of material parameters and the introduced coefficient c, therefore
resulting in the true contact area:

AC = erf

(
p√

πc · E∗

)
(6.11)

It is worth noting that [132] for small nominal pressures p << G
1
2 :

AC ≈
p√
πG

(6.12)

which resembles the basic law of coloumb friction.
Hui et al. [124] use a maxwell material model to describe the relaxation function,
where E0 is the instantaneous modulus and η is the viscosity in addition to the time
t.

E∗ = E∗0 · e
−E∗

0 ·
t
η (6.13)

With the help of the basics of Time-Temperature-Superposition (TTS) and the
William Landel Ferry Equations (WLF), a temperature dependence for the viscosity
can be derived.

ηT = ηT0 · 10
(
− C1(T−T0)
C2+(T−T0)

)
(6.14)

Crossley et al. [27] use the WLF shift function successfully on their tack measure-
ments. With this Equation 6.11 can be expanded to

A

A0
= erf

p · eE∗
0 ·

t
ηT

√
πc · E∗0

 , (6.15)

resulting in a true contact area only depending on the material properties, sur-
face pair parameter as well as the contact pressure, contact time and temperature-
dependent viscosity of the resin. For the sake of completeness it is added that the
contact time is inversely proportional to the peel-rate.
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With above Equations, a model was found that can relate peel tack to processing
conditions of the AFP process, primarily:

• Contact pressure,

• layup velocity and

• process temperature.

6.3. Validation of the tack model

6.3.1. Method of validation

The original intention of this research was to validate the tack models for adhesive
and cohesive failure at the peel tack test rig developed by Stelzl et al. [122] at the
Institute for Carbon Composites. This test incorporates all AFP specific process
parameters and tests the placed substrate for tackiness.
However, due to problems with control in temperature and peel rate, the test rig in
its current form cannot be used for validation. Therefore, literature data by Cross-
ley et al. [27, 44, 121] was used for validation of the models, along with following
restrictions:

• Unknown surface roughness of rigid plate and peel specimen

• Rigid steel compaction roller

• Unknown thickness of tapes resulting in unknown pressure distribution of the
roller

• Different peel rate, as literature data originates from ATL with reduced peel
rate (maximum of 500 mm/min compared to AFP of 1000 mm/s)

• Different temperature range

• Glass prepreg instead of carbon

• Varying resin system

All unknown parameters had to be assumed or fitted to experimental data.
Failure of the initial test setup and how to improve the control of the test rig is
discussed in detail in Section 6.4 of this Chapter.

6.3.2. Results of the tack model compared to literature

With the experimental values from literature, Equation 6.16 contains five values
that have to be fitted.
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GCadh = a ·

erf
p · eE∗

0 ·
t
ηT

√
πc · E∗0

2

(6.16)

Some of the parameters can be combined, therefore simplifying the curve fit. κpc =
p√
πc·E∗

0
and eE

∗
0 ·

t
ηT = eκη/v with v the peel rate, following Equation with three vari-

ables derives:

GCadh = a ·
(
erf

(
κpc · eκη/v

))2
. (6.17)

in cohesive failure the Equation 6.7 can be simplified by combining κσ · e
kT
T = κσT ,

reducing variables to two parameters:

GCcoh = AC · κσT · vm. (6.18)

The result is shown in Figure 6.8 for a sweep of peel rate, compared to experimental
values from Crossley et al. [44]. The fitted variables are summed in Table 6.1. For
the sake of simplicity units were omitted.

Table 6.1. Fitted values for the peel tack test with peel rate variance

a 40
κpc 0.2
κη 0.34
κσT 90
m 0.95

The transition from cohesive at slow peel rates to adhesive failure at high peel
rates can be clearly distinguished. The slower the peel rate, the more time for inti-
mate contact to develop, strengthening the interfacial bond. There fibrillation occurs
(compare also Crossley et al. [44]), and failure happens due to weakened internal
strength of the resin. The influence of the degree of intimate contact is clearly seen
in the transition between cohesive and adhesive failure, dominating the interfacial
failure.

Figure 6.9 depicts results from temperature sweeps with multiple compaction forces,
with experimental values from [27].
Equation 6.16 are be fitted with additional ηT as the WLF equation with C1 = 10.0,
C2 = 100.0 and T0 = 10.0 ◦C.

Again, the transition between adhesive failure for low temperatures to cohesive fail-
ure at high temperatures can be clearly seen. The compaction force has influence on
tack, however the process temperature is dominating. The model has good agree-
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ment with experimental values in the adhesive zone, however in the cohesive zone
at higher temperature the fitted parameters do not fully agree. It is presumed that
the curve fit for intimate contact does not fully agree with reality, as the model for
cohesive failure has no other dependency on compaction pressure.
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6.4. Discussion

Adhesive behaviour is a phenomenon hard to understand and difficult to describe.
Within this work a model for the adhesive behaviour of thermoset slit-tapes was
derived. The planned tack tests with a peel tack test rig failed therefore literature
data was used to validate the model.

6.4.1. Validity of the model

The model uses the process parameters that are known to influence tackiness. To
fully predict tackiness, all these parameters need to be measured and evaluated.
These parameters are:

• Surface roughness of both contact partners (Tape and Substrate)

• Temperature dependent viscosity profile of the resin system

• Maximum possible energy release rate for perfect contact and adhesive failure

• Pressure distribution of the compaction roller

• Temperature dependent viscoelastic material parameters of the resin

The model does not include chemical bonding, e.g. molecule entanglement or van-
der-waals forces, which might also influence tackiness of thermoset resin systems.
Cohesive failure is a power law based on empiric data [113]. To further understand
cohesive tacky failure, the behaviour of the uncured resin needs to be understood,
and its influence on contact mechanics.

6.4.2. Implications of the model

At cohesive failure it is presumed that full intimate contact is established. this cor-
relates to standard AFP process windows, as the tack rarely reaches a cohesive level
during placement of the first ply.
Highest tack may be reached with the transition between cohesive and adhesive
failure, therefore the goal of the design engineer should be to reach that process
window.
The model indicate again the complex interaction between the AFP process param-
eters temperature, pressure and layup rate.



7. Conclusions and future
applications

The goal of the research presented in this thesis is to deepen the understanding of
the thermoset AFP process, and work towards a process model that combines the
process variables relevant for AFP.
This required the study of detailed thermodynamic and mechanical phenomena
starting from the analysis of basic AFP flat layup leading up to the placement
on complex geometry of a tapered honeycomb chamfer. Process simulation proves
to be a valuable tool alongside experimental work for insight into physical phenom-
ena. With acquired knowledge it is possible to use the process models to predict the
phenomena relevant for the AFP process up to a point. In the following the con-
ducted research in the different physical disciplines is reflected and possible future
applications are discussed. Based on the literature review of the individual chapters,
the main results of the thesis are condensed below:

• Understand and predict the highly time dependent temperature balance during
the thermoset AFP process.

• Research on contact behaviour of AFP compaction rollers and their application
on complex shaped geometry.

• Combine the thermodynamic and mechanical process variables for the place-
ment on a tapered honeycomb structure.

• Analyse and predict tack of the deposition material.

7.1. Conclusions

Within Chapter 3: “Mechanical aspects of AFP” the manufacture of tapered honey-
comb structures using the AFP process was investigated, and the kinematic effects
for the placement on discrete complex structures are discussed. An analytical rela-
tionship between gap and steering effects in relation to ramp angle and path angle
was found and compared with experimental placement tests. It was found that re-
sulting gaps may be reduced, but it is not possible to prevent them completely on a
discrete structure such as a tapered honeycomb. Further, with the reduction of gaps
additional effects such as unnecessary complex movements of the placement robot
accompanied with placement defects may be generated.
To understand bridging effects on concave surfaces, the deformability as well as the
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pressure distribution of an industrial compaction roller was studied, and a simula-
tion model derived. Resulting deformability as well as pressure distributions agree
very good in a practical range, and results conclude that deformability of the roller
plays a major role in considerations for the placement on concave surfaces.
The resulting pressure magnitude and contact time of the testing of the compaction
roller are used as input variables for through-thickness compression response ex-
periments of slit-tape stacks. Results show that compression deformation of the
slit-tapes is highly dependent on the process variables pressure magnitude, layup
rate and process temperature. Stack thickness changes up to 40 %. Further, there is
a dependency on fibre angle sequence of the stack, indicating nesting effects. It is
concluded that these thickness changes influence further process variables such as
temperature distribution as well as the final laminate quality.

In Chapter 4: “Thermal simulation of AFP” the need for thermal management and
temperature predictions during the AFP process are outlined. A multi-angle flat
plate component was laid up and both bulk and surface temperatures measured.
The results show a temperature gradient perpendicular to the placement paths, as
well as in path direction. This must be taken into account during the design phase of
the path planning, as the process temperature affects all further process parameters
as well as the layup quality. 1D, 2D and 3D models are compared to experimental
values with the result that dimensional reduction is ineligible with an IR heat source.
Further, the placement on a multi-material complex geometry, in this case the place-
ment on a tapered honeycomb on an aluminium plate, shows the need for thermal
control during AFP. Here, thermal experiments were conducted and compared to
simulation. The results show a highly irregular temperature distribution, that arise
from the differing tool material properties, as well as the complex kinematic move-
ment of the placement head. The pure thermodynamic simulation is able to capture
the temperature increase during layup, however it becomes apparent that it is not
sufficient to capture the cool-off phase correctly.

Therefore, in Chapter 5: “Thermo-mechanical coupled AFP process model” a se-
quentially coupled process model is derived that combines the mechanical model of
Chapter 3 and the 3D thermal FEM model of Chapter 4. This captures the continu-
ous placement of the tapes, along with the pressure distribution of the roller as well
as the layup rate. The bending behaviour of a slit-tape is experimentally analysed
with the result that the bending stiffness reduces up to 96 % at a process temper-
ature of 100 ◦C. These results are transferred to the thermo-mechanically coupled
FEM model. It is found that the cooling effect of the tapes to be placed may not be
neglected, and that they play an important role during the placement on the hon-
eycomb. However, the model still needs improvement, as temperature or pressure
dependent contact properties are omitted. This also implies that the sequentially
coupling is not fully sufficient, and a full coupled model is necessary. Nevertheless,
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the results show the definite need for process control and process prediction dur-
ing placement on multi-material tools such as the combination of honeycomb and
aluminium or with complex movement of the placement head.

In Chapter “Tack in the AFP process” an analytical model tailored to the AFP
process including its specific boundary conditions is developed. Process variables
include compaction pressure, contact time - therefore layup rate - and process tem-
perature. Literature data is used to validate the model, with mentioned restrictions.
The model provides insight in AFP tackiness, and states that intimate contact is one
mayor factor that influences tack. With aviation grade toughened prepreg systems,
that have a highly irregular surface structure, this needs to be taken into account.
Low tack levels may be counteracted by adjusting the process window towards a
higher temperature or compaction pressure or lower layup rate. However, more re-
search is necessary to fully validate the model, and gain further insight into different
phenomena that band together into tackiness.

7.2. Application possibilities and outlook for future
work

The developed models are sufficiently accurate to propose the consideration of roller
deformability and pressure magnitude during the design phase. With known de-
formability, it may be possible to exclude defects such as bridging early in the prod-
uct development chain, therefore reducing the risk of additional cost. Additionally,
it is possible to reduce the risk of core crushing during manufacture by considering
maximum pressures.

Future research needs for mechanical phenomena in AFP are the combination of
the resulting compaction pressure, compaction time and transient temperature in
a through-thickness model that includes the compaction-release cycle of a typical
AFP process. A through thickness deformation model for the slit-tapes may pro-
vide valuable insight into laminate compaction, consolidation and final laminate
thickness after a certain number of plies. In Section 3.3.5.1 the design of a roller
as compaction device was discussed. A further research possibility may be the de-
sign of a new compaction device that incorporates the necessary deformability along
with a constant pressure distribution that is needed for the placement on multiple
curved surfaces such as a tapered honeycomb sandwiches. Further, the compaction
device may incorporate further features such as active heating or cooling, therefore
influencing the process.

Thermal prediction of the process may be applied to the virtual optimisation to-
wards maximum material throughput with sufficient temperature, and therefore
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sufficient tack. This may reduce testing iterations, and therefore reduce initial cost
of a product.

Above mentioned temperature and pressure results in the thermo-mechanically cou-
pled simulation may be used in future research as input parameters for the tack
model. On the other way round the model for intimate contact may be included in
thermal contact resistance depending on temperature, pressure and time. With the
known parameters, the model needs to be validated including AFP specific boundary
conditions as well as aerospace grade material. The knowledge of tack characteris-
tics may be applied to material screening for AFP manufacture for a quantitative
assessment of the adhesive behaviour.

It is proposed that temperature consideration should be integrated early in the
design stage, including the control of the heat output as part of the offline simulation.
This reduces the risk of excess temperature, infeasible temperature gradients during
manufacture and subsequent artificial ageing.

The design aspect must not be neglected. The path planning needs to take process
temperature into account. More research is needed for path planning algorithms,
therefore reducing irregular temperature distribution in tool and layup. This may
lead to new layup strategies such as chaotic layup or a discrete distribution of paths.
Further control variables may not just be the magnitude of the heat output, but
also location and angle of the IR lamp through the mean of actuators. The “first
ply problem” may be optimised by an increase in the emissivity of the tool through
black varnish or soot, therefore increasing possible layup velocities during first ply
layup. This study shows that temperature and pressure dependent thermal contacts
need to be taken into account. This implies that a fully coupled model is needed,
especially when considering these models for thermoplastic AFP, where the control
of temperature has high impact in in situ quality.
When the application is in need of tight thermal limits during the process it is im-
perative to include thermal feedback control. Some if the thermal models described
in this work are able to calculate the transient history in real time. Therefore it
would be possible to include these models in a closed loop feedback control.
Future research may also rethink the requirements for a heat source in thermoset
AFP. This study implies that a IR lamp is not optimal due to its diffuse character-
istics. IR LED heating or a low level laser heating may be considered as future heat
sources for thermoset AFP.



A. Improvement for the tack test
bench

A.1. Reasons for failure of peel tack test

The peel tack test rig developed by Stelzl et al. [122] is in theory an excellent setup
for testing the tack at AFP process conditions. Tests were conducted using Hexply
8552 UD prepreg system with a width of 150 mm. The prepreg was coiled around a
paperboard drum, with backing paper between each layer. The setup is able to vary
the process conditions velocity and compaction force, as well as temperature in the
form of a IR lamp at a certain angle and distance.
The test setup works well with high tack resin systems like phenolic resins under
room temperature and above. However, aerospace grade toughened prepreg systems
have very little tack. With this, various problems arise which will be discussed in
the following. Further, control of the process variables and the noise of the measured
peel force were also influencing the tests, with the final conclusion that the peel tack
test rig in its current form cannot be used to validate the tack model.

A.1.1. Signal noise

The measured peel force is depicted in Figure A.1. Random noise is dominating the
measured signal. Nevertheless, there is a distinct difference between the two parts of
the tape with and without adhesive behaviour, therefore it was possible to measure
tack forces.
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Figure A.1. Measured peel force signal at 25 mm/s peel rate, 3.2 N/mm compaction force
and 3 W/mm heat output of the heat source
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However, with the signal noise the variance of the test results are very high. Fig-
ure A.2 depicts test results of tack at a peel rate of 25 mm/s over a range of tempera-
ture and compaction force. Three repetitions were made, and the standard variance
is displayed.
A dependency of compaction pressure is not possible to deduct. Further, the tem-
perature dependency stays within error limits of each neighbouring test.
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Figure A.2. Measured Tack over temperature, with standard variance after three measure-
ments

It is necessary to reduce the signal noise to be able to measure tackiness of aerospace
grade toughened prepregs.

A.1.2. Control of peel rate

The velocity control of the linear axis for a peel rate of 25 mm/s was adequate.
However, when peel rate was changed to 100 mm/s, the torque controlled motor was
not able to maintain a constant velocity. This results in a high variance of peel force,
as depicted in Figure A.3.
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Figure A.3. Measured peel force at higher velocities

A sinusoidal oscillation of the peel velocity results in a high oscillation of measured
peel force. Further, it is not possible to distinguish between non-adhesive and adhe-
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sive parts of the test signal.
The preliminary assumption that the stiffness of the test setup is not sufficient was
eliminated by applying a direct load to the force measuring cell in the form of a de-
fined mass. Direct read out of motor current coincident with the oscillation, therefore
resulting in the statement that the motor controller is not able to set a fixed velocity
with varying motor torque.

A.1.3. Influence of backing paper

The spool of 75 mm wide UD prepreg is separated by a stiff backing paper coated
with release agent. Nevertheless, the backing paper is bonded to the UD prepreg to
a certain degree, therefore increasing the force required to pull the prepreg off the
spool. When the linear axis moves upwards, the spool rotates. As the prepreg sticks
to the backing paper underneath, the peel angle of the spool changes while the spool
is rotating, from the original tangent (Figure A.4) to a normal direction. It is not

Figure A.4. Backing paper of the test roll between each layer

possible to set the peel angle normal from the spool as the tack from the prepreg
to the backing paper is highly inconsistent and will cause additional variations in
measured peel force.

A.1.4. Influence of tape width and width of compaction roller

To have full control of the test, the compaction roller needs to be the same width as
the tested prepreg. Otherwise the applied compaction force would also be applied
on the tool next to the tape, therefore making it impossible to determine how much
force actually arrives at the prepreg.
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When the compaction roller has the same width as the prepreg, the rotation axis
of the spool needs to be totally aligned with the axis of the compaction roller and
the line of the clamp of the load cell. Otherwise the prepreg will not stay centred
during the motion of the linear axis, and will travel partly to the left or right of the
compaction roller, therefore reducing measured peel force.

A.2. Recommendation for improvement of the peel
tack test

From the experiences made from the failed tack tests, some recommendations on
how to improve the test are found below.

A.2.1. Temperature control

The process temperature is set by the means of an IR lamp with a maximum out-
put of 2700 W. The IR lamp perfectly simulates the real thermoset AFP process.
However, an IR lamp is not suitable for process testing of tack for process windows.

The surface temperature of the tool needs to be measured for every tool design
and every tool material, as well for every peel velocity, to conclude to the process
temperature. Further, additional process variables arise from lamp angle and lamp
position. In addition, the incoming tape needs to be shielded adequately from direct
and indirect radiation heat input.

Figure A.5. Temperature control

It is recommended to change the heat input from IR to a thermal chamber, so tem-
perature can be controlled for the complete system. Further, the thermal chamber
could also incorporate humidity control.
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A.2.2. Peel rate control

Apparently the torque controlled motor is not able to achieve a constant velocity.
Until the end of the tests it was not clear if the set PID control parameters are the
reason for the failed control, or the amount of steps of the motor.
It was ensured that the stiffness of the test rig was not responsible for the mea-
sured oscillations. Further tests should be made with a different controller, or a
Servomotor-Drive with higher resolution of steps.

A.2.3. Accessibility

Further recommendation for improvement is accessibility. The test rig’s design aims
for maximum stiffness. However, some profiles can be omitted without losing struc-
tural stiffness. This will greatly improve accessibility when changing the prepreg on
the clamp of the load cell, or re-feeding the prepreg after each test is completed.





B. Supervised student theses

Date Thesis type Student Title of the Thesis

03/2012 Semester Tang, Jiannan Entwicklung eines zeit- und druckabhängigen Versagens mit ko-
häsivem Kontakt im Bereich Automated Tape Laying

04/2012 Diploma Hans, Thorsten FE-Modellierung des Automated-Fiber-Placement-Prozesses mit
Kopplung der thermischen und werkstoffmechanischen Aspekte
und Validierung des Simulationsmodells anhand von Ablegever-
suchen

05/2012 Master Zhao, Xu Mechanical FEM Simulation of the Automated Fiber Placement
Process

09/2012 Diploma Tang, Jiannan Entwicklung eines Versagensmodells für den Peel-Tack-Test und
dessen experimentelle Validierung

09/2012 Semester Hagedorn, Lorenz Untersuchung zur geometrischen Winkeländerung während der
Faserablage

02/2013 Diploma Lechner, Alexander Erstellung eines FE-Modells zur thermischen Analyse des AFP-
Prozesses und Validierung anhand von Ablegeversuchen

06/2013 Semester Leyendecker, Matthias Numerische Simulation des thermochemischen und mechanischen
Verhaltens von Prepregs während des Automated Fiber Placment
Prozesses mit Matlab auf Basis der Finite-Differenzen-Methode

06/2013 Bachelor Sagraloff, Nadine Implementierung des P1-Strahlungsmodells in Comsol Multi-
physics

08/2013 Term Paper Guilloux, Adrien Investigation of the Deformation Behavior of a Compaction Roller
for the Automated Fiber Placement Process

08/2013 Internship Ghrib, Meriem Investigation of Compaction Behavior of Prepregs during Auto-
mated Fiber Placement Process

10/2013 Semester Jähne, Christoph Entwicklung eines Softwaretools zur Optimierung und Validierung
diskreter Ablagepfade für den AFP-Prozess mit MATLAB

10/2013 Intership Muhr, Markus Thermodynamische Finite-Differenzen-Simulation des Automated
Fiber Placement-Prozesses in Matlab mit Ausblick auf die Proper
Generalized Decomposition-Methode

12/2013 Semester Heigenhauser,
Benedikt

Parametrische thermische Simulation des Automated Fiber Place-
ment Prozesses angewendet auf eine Honeycomb-Struktur mit
Hilfe der Finiten Elemente Methode

03/2014 Semester Schlegel, Katharina Numerische Simulation des Prepregverhaltens während des
Automated-Fiber-Placement-Prozesses auf einem getaperten Hon-
eycomb

08/2014 Master Heigenhauser,
Benedikt

Entwicklung eines Modells zur numerischen Optimierung der
Faserablage in einem FVW Bauteil unter Berücksichtigung von
Fertigungsbedingungen

12/2014 Diploma Vilas, Alexis Development of a Finite Element Method model to study the
emerging defects in chamfered sandwich structures during the Au-
tomated Fibre Placement process
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