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Abstract

Automated Fiber Placement (AFP) is a well-established process in aerospace man-
ufacturing with advantages regarding deposition accuracy and flexibility, reprodu-
cibility and potential lay-up rate compared to manual lay-up. Process parameters
are typically optimized regarding deposition quality and deposition rate – not tak-
ing into account ancillary processes like vacuum debulking, despite its influence on
the overall process efficiency. Compaction is a key parameter of prepreg lay-up real-
izing laminate consolidation during deposition, additional vacuum debulking steps
and during curing. The application of vacuum debulking is often based on trial and
error, unquantified experience or manufacturing specifications for manual lay-up.
Automated lay-up offers the potential to improve compaction during deposition,
allowing a reduction of additional debulking efforts.
In this thesis, the compaction characteristics of Thermoset Automated Fiber

Placement (TS-AFP) and vacuum debulking are analyzed on laboratory and in-
dustrial full-scale. The influence of parameter variations on compaction behavior,
mechanical performance and process efficiency is assessed.
Experimental methods were developed to characterize laminate compaction on

laboratory and full-scale. The effect of vacuum debulking was quantified for differ-
ent temperatures and laminate configurations. On laboratory scale, the dominance
of the process parameters temperature and pressure was identified. On full-scale,
the influence of the AFP process on the deposition quality was proven. An optim-
ized AFP process parameter set was developed and evaluated. Compaction during
AFP processing was increased, while the need for separate vacuum debulking steps
was eliminated. It was shown, that the optimized AFP process parameter set leads
to equal or better mechanical performance compared to the benchmark including
dedicated vacuum debulking steps. Process efficiency analyses showed that the
proposed approach is economically competitive or even superior to the benchmark
for typical AFP use cases. The proposed optimization allows exploiting more of the
potential of automated lay-up and opens new possibilities towards reduced curing
efforts.
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Kurzfassung

Automated Fiber Placement (AFP) ist ein etablierter Prozess in der Luft- und
Raumfahrtindustrie, mit Vorteilen hinsichtlich Ablagegenauigkeit und -flexibilität,
Reproduzierbarkeit und der potenziellen Legeleistung im Vergleich zu manueller
Fertigung. Die Prozessparameter werden in der Regel auf Ablagequalität und -rate
optimiert – ohne Nebenprozesse wie das Vakuum-Zwischenkompaktieren zu be-
rücksichtigen, obwohl es die Effizienz des Gesamtprozesses beeinflusst. Kompaktier-
ung ist ein wesentlicher Parameter in der Herstellung eines Prepreg-Laminats, der
bei der Ablage selbst, in separaten Vakuum-Zwischenkompaktierungsschritten und
während der Aushärtung aufgebracht wird. Die Anwendung der Zwischenkompak-
tierung basiert oft auf unquantifizierten Erfahrungswerten oder Fertigungsspezi-
fikationen für die manuelle Fertigung. Automatisierte Legeprozesse bieten das
Potenzial, die Kompaktierung während der Ablage zu verbessern, was eine Re-
duzierung separater Zwischenkompaktierungsschritte ermöglicht.
In dieser Arbeit werden die Kompaktierungseigenschaften von Thermoset Auto-

mated Fiber Placement (TS-AFP) und Vakuum-Zwischenkompaktierung im Labor-
und industriellen Maßstab analysiert. Der Einfluss von Parametervariationen auf
das Kompaktierungsverhalten, die mechanischen Eigenschaften und die Prozessef-
fizienz wird bewertet.
Ein optimierter AFP-Prozessparametersatz wurde entwickelt und bewertet. AFP-

Kompaktierung wurde erhöht, während separate Ziwschenkompaktierungsschritte
eliminiert wurden. Der Einfluss der Zwischenkompaktierung wurde für verschiedene
Temperaturen und Laminatkonfigurationen quantifiziert. Im Labormaßstab wurde
die Dominanz der Prozessparameter Temperatur und Druck festgestellt. In un-
skalierten Versuchen wurde der Einfluss des AFP-Prozesses auf die Legequalität
nachgewiesen. Es konnte gezeigt werden, dass die optimierten AFP-Prozesspara-
meter im Vergleich zum Benchmark zu gleichwertigen oder besseren mechanis-
chen Eigenschaften führt. Analysen der Prozesseffizienz haben gezeigt, dass der
vorgeschlagene Ansatz für typische AFP-Anwendungsfälle wirtschaftlich konkur-
renzfähig oder dem Benchmark sogar überlegen ist. Die vorgeschlagene Optimier-
ung ermöglicht es, mehr des Potenzials automatisierter Legeverfahren auszuschöp-
fen und eröffnet neue Möglichkeiten zur Reduzierung des Aushärtungsaufwands.
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1 Introduction

With the increasing demand for mobility in a globalized world, the associated en-
vironmental impact is also growing. It is now “unequivocal that human influence
has warmed the atmosphere, ocean and land”, as stated by the IPCC in 2021 [1].
To achieve climate neutrality, the European Green Deal by the European Com-
mission defined the need to reduce transport emissions by 90 % by 2050 compared
to 1990 [2]. Mass reduction through lightweight design is one of the necessary
approaches to increase the efficiency of mobility and reduce its emission footprint.
The high specific strength and stiffness of fiber reinforced polymer (FRP), espe-

cially carbon fiber reinforced polymer (CFRP), makes it a predestined material for
lightweight applications [3]. State of the art aircraft, as the Airbus A350XWB or
the Boeing 787, apply CFRP composite materials for more than 50 % by weight
of the primary structure. The high demands in aerospace manufacturing regard-
ing rate and efficiency, but also quality and its reproducibility, make automated
manufacturing indispensable. [4]
Automated Fiber Placement (AFP) is one of the key technologies for the auto-

mated composite manufacturing for aerospace applications. A placement head de-
posits carbon fiber (CF) reinforced unidirectional (UD) tapes along a programmed
path on a tool surface. The separate, additive deposition of tapes enables the
creation of a complex laminate of high performance. Thermoset Automated Fiber
Placement (TS-AFP) is using prepreg tapes with uncured thermoset resin. Advant-
ages of the AFP process are the high precision and repeatability of the deposition,
with the option to implement a tape-individual fiber orientation along the load
path. The individual cut and feed of narrow tapes leads to a high material effi-
ciency potential with a near-net-shape lay-up and allowing low scrap rates.
The TS-AFP lay-up process is regularly interrupted by vacuum debulking after

a certain amount of plies to ensure a defined compaction state of the laminate.
This requires a bagging of the laminate followed by compaction through vacuum
application for typically 10 to 30 minutes. This iteration of ply deposition and
vacuum debulking is repeated until the laminate is fully deposited, followed by a
resin curing process step. For aerospace applications, this is commonly done in an
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2 1.1 Objectives

autoclave under the application of temperature and additional pressure. Here, the
final laminate compaction is realized, including void reduction and resin curing. [5]
The time-consuming application of vacuum debulking is in many cases based on

trial and error, unquantified experience or manufacturing specifications based on
manual lay-up. Automated lay-up processes like AFP offer a more defined and
repeatable compaction during deposition, potentially allowing a minimization of
additional debulking steps. This potential benefit of the AFP process has not yet
been publicly analyzed and taken into account for the optimization of the overall
process efficiency.

1.1 Objectives
The overall objective of this thesis is to analyze the compaction characteristics of
the TS-AFP process chain in order to optimize its efficiency. A major advantage
of automated material deposition is its accuracy and repeatability compared to
manual processes. However, this advantage is not yet exploited when it comes to
material compaction. Additional vacuum debulking steps are still applied, as in
times of manual lay-up. The goal of this thesis is therefore to analyze if and to
what extent the defined compaction within the TS-AFP process can be used to
reduce the effort for vacuum debulking. The objectives necessary to answer this
question are:

• Characterization of vacuum debulking
The application of vacuum debulking is still the benchmark in industrial ap-
plications of the TS-AFP process chain. It is in many cases applied based on
manufacturing procedures created for manual material deposition and relying
on unquantified experience. The compaction effect of vacuum debulking shall
be characterized for different temperatures and lay-up architectures. For this,
an experimental method is to be developed. This can be found in Chapter 3.

• Characterization of TS-AFP compaction
The compaction characteristics of TS-AFP have to be characterized with re-
spect to variations of the process parameters and the application of additional
vacuum debulking steps during the TS-AFP lay-up process. Experimental
methods for the quantification of the thickness progression during the pro-
cess shall be developed for full-scale and laboratory scale experiments. The
influence of the compaction related process parameter variations on the mech-
anical properties of the laminate shall be characterized. This is addressed in
Chapter 4 and Chapter 5.
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• Derivation and evaluation of an optimized TS-AFP parameter set
An optimized parameter set is to be developed based on the compaction
characterization. The optimized parameter set shall be applied and evaluated.
The goal is, to increase the deposition quality, i.e. the homogenity of the
laminate by a reduction of inter-ply voids through deposition. The matrix
dominated material properties reached by the AFP process shall be improved
to enable a reduction of separate vacuum debulking. This is part of Chapter
5 and Chapter 6.

• Assessment of the economic efficiency and industrial applicability
The optimized process parameter set shall be evaluated for its process ef-
ficiency impact and its industrial applicability in use case scenarios repres-
entative for aerospace manufacturing. An overall reduction of the combined
process time of AFP lay-up and vacuum debulking shall be enabled by the
optimized process parameters. This is addressed in Chapter 6.
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1.2 Outline
The thesis is structured in five main chapters, apart from the introduction in
Chapter 1 and the conclusions and outlook in Chapter 7.

Chapter 2 reports the state of the art of the AFP process and prepreg CFRP
material. The TS-AFP equipment used for this thesis is described and a literature
review on compaction of prepreg materials and compaction in the AFP process is
presented.

In Chapter 3, the compaction during vacuum debulking is characterized with
continuous thickness measurements at varying process parameters.

Chapter 4 describes the replication and analysis of AFP compaction in laboratory
scale. Cyclic compaction experiments are implemented on small scale using a
rheometer and on medium scale using a universal testing machine (UTM). A
numerical simulation model is applied to replicate the cyclic experiments.

Compaction experiments on full-scale level using a TS-AFP machine are presented
in Chapter 5. The compaction behavior during lay-up is analyzed with thickness
measurements during processing. The influence of varying compaction parameters
and curing methods on the mechanical performance is characterized.

Chapter 6 includes a process efficiency analysis, evaluating the potential of optim-
ized AFP process parameters. An AFP process time model is developed, validated
and applied to a process parameter sensitivity analysis and a use case study.



2 Theory and state of the art

This chapter provides a literature overview on the relevant theory and state of the
art. The introduction to AFP in Sec. 2.1 gives insights to the process principle
and technology, the AFP process chain, AFP applications and state of research
as well as the TS-AFP equipment used in this thesis. Sec. 2.2 includes a short
overview on material basics of composites and prepreg material and lists the details
of the material used in this thesis. In Sec. 2.3, the theory and state of research of
compaction is presented for composite and prepreg materials as well as for AFP.

2.1 Automated Fiber Placement (AFP)

Automation of the manufacturing of CFRP aerospace structures is an ongoing trend
in the light of increasing production volumes and cost pressure at high requirements
regarding quality. Automated Fiber Placement (AFP) and Automated Tape Laying
(ATL) are placement technologies typically used for the automated manufacturing
of aerospace structures. In both processes, prepreg UD tape is deposited by an
automated placement system. The advantages compared to manual lay-up are
especially the repetitive positioning accuracy and a potentially high deposition
rate. [6, 7]
ATL processes wide tapes and is limited to geometries of low complexity. Typ-

ical applications are fuselage panels or wing skins. AFP deposits several narrow
tapes and has a higher flexibility regarding drapability and geometric accessibility,
allowing for more complex structures. The process is used for small to medium
sized panels and skins, but also complex double curved frames, cones and ramped
sandwich panels. [5, 8–10]
In this section, the AFP process principle, technology and process chain are ex-

plained with a focus on TS-AFP. AFP applications and the state of research are
shown, followed by the TS-AFP equipment used in this thesis.

5
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2.1.1 AFP process principle and technology

In the Automated Fiber Placement (AFP) process, CF tapes are deposited by a
placement system. The tape material can be either pre-impregnated with ther-
moset (TS) or thermoplastic (TP) matrix, or dry bindered CF. A placement head
sequentially deposits the tapes on a tooling surface in an additive manner. The
trajectory of the placement head is determined by numerical control (NC) code
generated in an offline programming software. The tapes are fed to the compac-
tion head and pressed on the tooling surface by a compaction roller. The movement
of the placement system relative to the tooling pulls off the tapes from the material
storage. A heat source heats up the substrate and incoming tape and to ensure
tack or consolidation of the tape on the substrate.
Fig. 2.1 shows the elements of a typical AFP system at the example of a Coriolis

Composites AFP machine.

Material storage (1)

Compaction force 
actuator (3)

Machine head (4)

UD tape material (5)

Feed roller (6)

Cutting unit (7)

Heat source (8)

Compaction roller (9)

Tool

Motion device (2) 

Figure 2.1: Coriolis Composites AFP machine (left) and its design principle (right). [11]

The tape material is stored on individual spools in amaterial storage (1) either
directly on the placement head or in a separate creel. For thermoset matrix systems,
the material storage can be required to be actively cooled to avoid contamination
and ensure stable material conditions. In case of the Coriolis Composites system,
the tapes are guided in separate air cooled tubes towards the placement head. A
drum drive called Multiwinch ® feeds the tapes towards the head, maintaining a
constantly low tape tension [12, 13]. Themotion device (2) moves the placement
head relative to the tool. Six degrees of freedom are required to maintain the
desired orientation of the head towards a 3D tooling surface. The motion device
is typically either a gantry or column portal or a six axis robot. A portal system
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can cover very big part sizes at high accuracy and velocity, but requires a lot of
space and initial investment cost. Robot guided AFP systems are flexible and have
a good accessibility at low investment costs, but have a limited reach even when
equipped with an additional linear axis. A defined compaction force is applied
by a compaction force actuator (3), which is typically a pneumatic actuator
in the placement head. In case of geometric irregularities of the tool surface, the
actuator can adjust the clearance of the placement head. The machine head (4)
covers all components required for the tape deposition. Typical industrial AFP
heads process 4 to 32 tapes at a width of 1/8′′ to 1/2′′. Each tape is guided, fed and
cut individually. The AFP head shown in Fig. 2.1 is air cooled. The UD tape
material (5) is either prepreg with TS or TP matrix, or dry bindered CF tape.
Slit-tape is the most common tape type for aerospace applications, tow-preg offers
potential for further cost reduction. Details on the material system are described in
Sec. 2.2. The tapes are moved to the nip point below the compaction roller by feed
rollers (6). Once the tape is fixed below the compaction roller, the feed rollers are
retracted and the tape is passively pulled off by the movement of the placement
head. At the end of each track, the tapes are cut by a cutting unit (7). As each
tape can be cut individually, making a near-net-shape lay-up with low scrap rates
in a range of 2 % to 6 % possible [4, 14–16]. The distance from the cutting unit
to the nip point defines the minimum cut length (MCL). This MCL is a process
restriction that has to be considered in the design and programming of the lay-up.
For industrial AFP machines, the MCL typically ranges from 90 mm to 140 mm
[5]. The maximum velocity at cut is another process restriction and influenced
by the design of the cutting unit. Rotating cutters can reach higher velocities of
up to 1 m/s than e.g. guillotine knives. [17, 18] A heat source (8) irradiates the
substrate to increases the temperature at the nip point, ensuring sufficient adhesion
of the deposited tape [19]. State of the art in industrial TS-AFP applications
are infrared (IR) lamps. Thermoplastic Automated Fiber Placement (TP-AFP)
requires higher energy input to both substrate and incoming tape, typically by
laser systems, to heat the thermoplastic polymer above its melting point [20]. The
compaction roller (9) applies the pressure of the placement head to the deposited
tape and substrate. The roller is flexible to adapt to geometric complexities and
irregularities of the deposition surface to maintain a full compaction of the tape
without bridging effects. The roller typically consists of a silicone or polyurethane
foam layer around a metal bearing core covered with an outer release coating film
[4, 11]. TP-AFP processes require a cooled roller to withstand the high process
temperatures [21]. Additional compaction plates trailing the compaction roller can
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be required for full track compaction during angled deposition around small radii,
like the deposition of spars.

2.1.2 AFP manufacturing process chain

The overall process chain of AFP manufacturing is summed up in the steps be-
low [22]. Required inputs are the component geometry defined in CAD and the
definition of a global lay-up based on the mechanical analysis and design.

1. Planning and programming

2. Production preparation

3. AFP processing

4. Curing

5. Finishing

6. Quality inspection

The planning and programming includes the definition of the ply book with all
relevant boundary conditions and its implementation in the offline programming.
In the ply book, all details of the lay-up are defined. This includes e.g. ply
number, identification and contour, fiber orientation and material. The boundary
conditions are typically defined in manufacturing specifications with general and
process specific guidelines. The ply book is transferred to machine code via offline
programming, usually in an equipment manufacturer specific CAD software. With
the offline programming, a variety of AFP process specific details are defined.
These are e.g. the staggering strategy, track distance, order and direction of track
deposition, the process parameters or the separation of a ply into different sections.
The program has a direct influence on the process efficiency, the lay-up quality and
the scrap rate. A simulation of the machine movements based on the generated tool
paths offers the opportunity to check for collisions and singularities of the robot.
[5]
In the production preparation, the tool is mounted and aligned in the pro-

duction cell. A calibration of dedicated reference points on the tool allows and
adjustment of the program to the actual tool position to avoid lay-up distortions.
A dry run of the program at reduced velocity is done to avoid collisions of the robot
or ancillary parts like tubes or cables that are not considered in the simulation.
The programming is iterated if required based on the results of the dry run. The
tool surface is cleaned and impregnated with release agent. The prepreg tapes are
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unfrozen according to the data sheet, material or process specification, installed in
the creel and fed to the placement head past the feed unit.
The AFP processing consists of the additive deposition of plies divided into

single tracks, as described in Sec. 2.1.1. The deposition is interrupted for inter-
mediate vacuum debulking steps based on the manufacturing specifications or the
experience of the manufacturer. For each ply, the lay-up is interrupted for a visual
inspection looking for lay-up defects. This step can be avoided if an online process
monitoring system is used as described in Sec. 2.1.3. Additional process inter-
ruptions can be caused by material reloading, cleaning or maintenance steps. The
downtime can be minimized by adding two separate work cells to one AFP machine,
as e.g. implemented in the production facilities at Premium Aerotec in Augsburg
(cf. Fig. 2.2).

Figure 2.2: TS-AFP manufacturing of Airbus A350 door surround frames at Premium Aerotec
frame center in Augsburg. [23]

For aerospace prepreg applications, curing is typically done in an autoclave. If
required, the laminate is transferred from the lay-up tool to a curing tool. The
laminate is covered in a vacuum bag including peel ply and bleeder fabric. The
autoclave curing cycle of an aerospace grade prepreg material system typically
includes two heating ramps, two isothermal dwell times and a cool down ramp (cf.
Fig. 2.3). The resin viscosity decreases significantly during the first heating ramp.
The first dwell time is dedicated to void reduction, defined resin bleeding and
homogenous heating of the entire laminate. The viscosity drops during the second
heating ramp before the cross-linking starts and the viscosity rapidly increases.
The second dwell time has to be long enough for all reactive partners to finalize
the cross-linking. For aerospace grade material, this curing temperature is typically
180 °C. [24]
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Figure 2.3: Typical curing cycle of prepreg laminates in an autoclave. Adapted from [5]

Finishing is done after the curing and involves cleaning and machining. The
cured component is unpacked and demolded. Neat resin on the laminate surface is
removed if required and the part is trimmed to its final contour. Cut-outs, inserts
and other design features can be added if required. [25]
Quality inspection in aerospace composite manufacturing is typically done by

inspecting 100 % of the produced parts via non destructive testing (NDT). Ul-
trasonic testing (UT) is a typical NDT method for CFRP components in serial
production, as it can be automated and integrated in a production line with reli-
able results on a qualitative basis. After the quality inspection, the components
are ready to be assembled or packed for shipping to assembly. [26]

2.1.3 Applications and state of research for AFP

TS-AFP is state of the art with many applications in the aerospace industry, e.g.
fuselage panels, keel beam, the spars, skins and stringers of the wing or door
surround structures of the Airbus A350 [9, 27], fuselage sections of the Boeing 787
[28], a payload adapter for the Ariane 5 rocket [9] or large sandwich panels for the
NASA Space Launch System (SLS) rocket [29].
Current research on TS-AFP is focusing on the one hand on experimental and nu-

merical process optimization with the goal to increase the overall process efficiency
with optimized process parameters and a reduction of ancillary and subsequent
process steps [4, 34–37]. A deeper understanding of the heating characteristics and
alternative heat sources to IR lamps, such as light emitting diode (LED) or flash
lamps, allow higher lay-up velocities or improved quality [19, 38–40]. Numerical
modelling leads to new potentials at the prediction of defects and the analysis of
effect of defects (EoD) [41–46]. AFP allows the load path oriented deposition of
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a) Airbus A350 door surround structure b) Airbus A350 fuselage section

c) Boeing 787 fuselage section d) Airbus A350 rear spar

Figure 2.4: TS-AFP lay-up of a) Airbus A350 door surround structure at Premium Aerotec
with a Coriolis Composites C1 [30], b) Airbus A350 wing skin with a MTorres
TORRESFIBERLAYUP gantry machine [27, 31], c) Boeing 787 fuselage section at
Spirit AeroSystems with a Electroimpact machine [32], d) Airbus A350 rear spar at
GKN with a MTorres TORRESFIBERLAYUP column machine [33].

fibers leading to laminates with variable stiffness. This potential is not yet exploited
in practice, but investigated in many studies and demonstrator projects [47–51].
Therefore the limits of in plane steering and the influence of material and process
have to be characterized and optimized [52–57]. Material tack is of particular im-
portance for AFP to ensure first ply adhesion and to minimize tack induced lay-up
defects. Reproducible measurement of tack - offline and online - and the corres-
ponding adaption of process parameters is hence of particular interest [58–63]. The
detection of lay-up defects is currently done by visual inspection, which is time and
labor intensive and prone to errors. A variety of mostly laser profilometer based
automated inspection systems are in development and about to be implemented
by the industry [64–68].
Thermoplastic polymers have potential advantages over thermoset polymers due

to their chemical properties. They can be softened repeatably and do not require
storage at low temperatures. New processes and efficient process chains are thus
possible enabling higher volume production. TP-AFP can be especially efficient
when in situ consolidation makes a subsequent consolidation in an autoclave ob-
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solete. Current research is analyzing and optimizing the heating characteristics to
enable 3D geometries with increasing complexity [21, 69–72]. In situ consolidation
on of AFP tape on different substrates enables integral lightweight designs without
additional adhesion or fastening efforts [70, 73–78]. TP-AFP with in situ consol-
idation is not yet established but focus of intense research efforts by the aerospace
industry. Smaller demonstrators like a helicopter tail boom [79] or a rocket booster
casing [80] have already proven its potential. The upper half demonstrator of the
EU CleanSky multi functional fuselage demonstrator (MFFD) is supposed to take
in situ consolidation to a next level regarding size and complexity [81]. Airwor-
thiness of the technology has been proven by Technical University of Munich with
the launch of an in situ consolidated structural module as part of a research rocket
mission by DLR and ESA [34, 78, 82, 83].
Dry Fiber Placement (DFP) potentially has economic benefits, as it is not reliant

on expensive prepreg as semi-finished product and provides the opportunity for
out-of-autoclave curing. The key challenges yet to be solved are the permeability
in z-direction and geometric stability of the preform [84–88].
Adapted versions of automated tape placement for specific applications have been

developed and industrialized. In the fiber patch placement (FPP) process, separate
fiber patches are placed on a mold, allowing the creation of complex preform geo-
metries. In current research activities, the process is expanded to the automated
placement of other structural components, like honeycomb core material. [89, 90]
Apart from applications in the aerospace industry, there are ongoing efforts to

apply automated tape placement in the automotive or wind industry. However,
the high cost pressure in these industries requires further process optimization. [4]

2.1.4 AFP equipment used in this thesis

The full-scale experiments of this thesis were conducted on a modified Coriolis
Composites C1 AFP machine in the TUM Processing Lab of the Chair of Carbon
Composites at TUM (cf. Fig. 2.5). The placement head processes 8 × 1/8′′ tapes
summing up to a track width of 1′′ or 25.4 mm. A tiltable compaction roller mech-
anism allows bidirectional lay-up. The heat input is generated by an IR lamp with
a max. power of 430 W. With a linear axis and a rotating tool carrier, the robot
guided machine can work on tools of a maximum size of approximately 3m× 2m.
The tapes are stored in a separate creel and guided through air cooled tubes to
the placement head. A drum drive Multiwinch ® reduces the tape tension to a
minimum. More details of the single components are described in Sec. 2.1.1.
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Figure 2.5: TS-AFP equipment by Coriolis Composites at TUM Chair of Carbon Composites.

2.2 Pre-impregnated (prepreg) carbon fiber
reinforced polymers

This section provides a short overview on the basics of composites and prepreg
material followed by details of the material used in this thesis.

2.2.1 Material basics of composites and prepreg

Fiber reinforced polymer (FRP) is a composite material system consisting of a
polymer matrix and reinforcement fibers. For structural applications, the fibers
are typically glass fiber (GF) or carbon fiber (CF). The most common matrix
systems are either thermoset (TS) or thermoplastic (TP) polymers. The mechanical
strength and stiffness of the composite are predominantly defined by the fibers,
while the matrix fixes the fibers in their position, stabilizes them at compressive
and shear loading and allows load transfer between the fibers. [3]
FRP composite materials have particularly good specific strength and stiffness

ratios, and are therefore well suited for high performance lightweight applications
(cf. Fig. 2.6 a). The composition of fiber and matrix leads to anisotropic material
properties dependent on the fiber orientation, fiber length, fiber volume content and
the laminate architecture (cf. Fig. 2.6 b). Natural structural materials in many
cases are composites of hard and soft phases arranged in hierarchical structures
ranging from nano- to macroscale, e.g. wood or bones [91]. Fig. 2.6 c shows the
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complex fiber reinforced composite structure of bamboo with cellulose fibers being
embedded in a lignin-hemicellulose matrix.

𝐸
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Figure 2.6: a) Specific stiffness and specific strength comparison of different materials. [92]
b) Obtainable elastic modulus (normalized by the fiber modulus Ef ) for different
composite arrangements with respect to fiber volume and fiber orientation. [6]
c) Composite structure of bamboo from nano- to macroscale. [91]

There are various ways of combining fiber and matrix to a composite compon-
ent, ranging from manual lay-up and impregnation of dry fibers to fully automated
deposition of pre-impregnated (prepreg) material in AFP or ATL processes. The
choice of material or semi-finished product and manufacturing process depends
on performance and quality requirements as well as boundary conditions such as
production volume, cycle time or budget. Aerospace applications typically require
the application of prepreg material due to its high performance and quality po-
tential. Prepreg is a semi-finished material manufactured by impregnating UD
fibers or woven fabric with thermoset resin. This separate process step allows tight
tolerances of the resin content, its distribution and the fiber areal weight (FAW).
[5]
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Aerospace grade toughened prepreg materials have dissolved thermoplastic ad-
ditives dispersed in the thermoset matrix to improve the fracture toughness and
impact performance. The toughening also affects the processing characteristics
with elevated viscosity and changes in the inter-ply friction. [37, 93, 94]
For processing in AFP systems, prepreg is converted to so called slit-tape. A UD

prepreg parent tape of 600 mm width or more is cut into several narrow slit-tapes
of a dedicated width with roller cutters. Typical widths for AFP applications are
3.2 mm (1/8′′), 6.4 mm (1/4′′) and 12.7 mm (1/2′′). Slit-tape can be manufactured
with high accuracy allowing cut width tolerances in the range of 0.1 mm, making
it a semi-finished product with high performance and high versatility, but also
high cost caused by the additional process steps. As an alternative, a fiber roving
can be directly spread and impregnated to a so called tow-preg. Eliminating the
intermediate step of a parent tape, tow-pregs can be significantly cheaper than
slit-tapes, but it is challenging to meet the accuracy requirements for aerospace
applications. This is why tow-preg is so far mostly limited to processes with lower
performance requirements such as filament winding. [5]

2.2.2 Material used in this thesis

The materials used in this thesis were the toughened aerospace grade UD carbon
prepreg systems HexPly ® 8552/IM7 and HexPly ® 8552/AS4 by Hexcel. It was
used in either unslit UD condition or as slit-tape with a width of 1/8′′ or 3.175 mm.
HexPly 8552/IM7 has a nominal cured ply thickness of 0.130 mm with a nominal
fiber volume content of 57.70 % and a nominal resin content of 35 % weight at a
fiber areal weight of 134 g/m2. HexPly 8552/AS4 has a nominal cured ply thickness
of 0.131 mm with a nominal fiber volume content of 57.42 % and a nominal resin
content of 35 % weight at a fiber areal weight of 134 g/m2. [94, 95] The mechanical
properties of both material systems are summed up in Tab. 2.1.
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Table 2.1: Material properties of 8552/IM7 and 8552/AS4 based on the data sheet. [95]

Property Fiber
orientation

Test
temp. Unit IM7 AS4

Tensile strength 0° 25°C MPa 2.724 2.207
91°C 2.538 -

90° 25°C 64 81
93°C 92 75

Tensile modulus 0° 25°C GPa 164 141
91°C 163 -

90° 25°C 12 10
93°C 10 8

Compression strength 0° 25°C MPa 1.690 1.531
91°C 1.483 1.296

Compression modulus 0° 25°C GPa 150 128
91°C 162 122

ILSS 0° 25°C MPa 137 128
91°C 94 122

2.3 Compaction characteristics of prepreg materials

Compaction – here defined as the consolidation of an uncured laminate – is an
important factor in the processing of composite materials as it influences the fiber
volume and void content as well as the fiber angle deviation on micro and macro
level. Sufficient compaction during ply deposition can avoid the inter-ply entrap-
ment of air and avoid an excessive bulk factor during autoclave curing potentially
leading to fiber angle deviations or local fiber waviness. Automated deposition
methods as AFP allow a defined and reproducible application of compaction pres-
sure during processing. [4, 5, 35]
A variety of experimental studies and modelling approaches have been made over

the decades. This section includes a literature study of the composite and prepreg
compaction characteristics in Sec. 2.3.1 and of AFP compaction in Sec. 2.3.2.

2.3.1 Composite and prepreg compaction characteristics

Hill [96] studied the inhomogeneity of stress and strain in two phase composites on
a macroscpoic level as part of his theory on self-consistent mechanics of composite
materials. This is still a ground base for many theoretical models on composite
compaction.
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In an experimental approach, Gutowski et al. [97] investigated the deformation of
impregnated fiber beds with a compression mold set-up allowing a defined combin-
ation of fiber beds and oil. They stated that the behavior of the impregnated fiber
network under compression at zero oil pressure can be approximated as nonlinear
elastic. The applied load was assumed to be carried by the viscous flow of the resin
in the fiber bed and by its elastic deformation. A model was set up replicating the
stiffness of the composite based on the beam theory with the fibers being bending
beams with multiple contact points. The experimental results showed good agree-
ment with the model. The average effective stress in the fiber network is a function
of the fiber volume Vf [98, 99]:

σfn = AS

√
Vf

V0
− 1(√

Va

Vf
− 1

)4 (2.1)

with AS being a bending beam theory constant including the fiber bending stiff-
ness and the span length of the fiber network, Va the available or maximum possible
fiber volume fraction. The initial fiber volume fraction V0 is defined as the fiber
volume fraction Vf at σfn = 0. Gutowski et al. [97] described the composite
deformation via a deformable fiber bed saturated with resin.
Robitaille and Gauvin [100–102] experimentally analyzed the compaction char-

acteristics of textile reinforcements for the Liquid Composite Molding (LCM) pro-
cesses Resin Transfer Molding (RTM) and Structural Reaction Injection Molding
(SRIM). They focused on the compaction and relaxation of textile reinforcements,
the behavior of fluid-saturated woven textiles and textile reorientation during com-
paction. The studies visualized the compaction and relaxation profiles of several
successive compaction cycles and showed the effect of compaction on fiber reori-
entation by tow spreading and on the fiber volume content of the final laminate.
Smith and Poursartip [103] as well as Hubert and Poursartip [104] developed

the first models of compaction and resin flow for thermoset matrix systems. They
emphasized the main matrix flow mechanisms during processing – percolation flow
and shear flow. Percolation or bleeding flow is characterized by resin flow relative
to the fiber bed under pressure, comparable to the squeezing of a sponge. Shear
flow is defined as the viscous flow of resin and fibers combined. Percolation flow is
dominant for low viscosity resins under bleeding conditions. Shear flow occurs for
high viscosity matrix systems, especially thermoplastic polymers. [105]
Hubert and Poursartip [107] further developed a method to directly measure the

compaction profile of composite prepreg. The total stress on the laminate σl is
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Figure 2.7: Percolation flow (left) and shear flow (right) as main flow mechanisms during pro-
cessing according to Hubert and Poursartip [104], based on ÓBrádaigh [106].

described as the combination of the effective stress on the fiber bed σ and the resin
pressure pr.

σl = σ + pr (2.2)

Based on Darcy’s law, resin flow can be described as flow through a porous
medium with anisotropic permeability [108]. It can further be coupled with the
elastic compaction of the fiber bed, resulting on a visco-elastic flow-compaction
material model. Earlier experimental approaches for the quantification of compac-
tion and transverse permeability were done by measurements on a dry fiber bed
after dissolving the resin from the prepreg [109, 110]. This process led to problems
due to rearrangements of the fiber bed causing deviations in its compaction be-
havior. Hubert and Poursartip avoided this with an experimental set-up allowing
the defined compaction of prepreg samples [107], based on earlier developments
by Gutowski et al. [99]. This allowed the reproducible measurement of the dis-
placement in z-direction uz over the applied load Fz (cf. Fig. 2.8). The prepreg
samples are compacted gradually to different levels of displacement with a dwell
time allowing a stress reduction. Thus the elastic response of the material, the
fiber bed effective stress, can be deduced and was implemented to a finite element
(FE) process model.
Somashekar et al. [111] analyzed the viscoelastic behavior and non-elastic de-

formation of fiber beds in an experimental approach for applications in LCM pro-
cesses. They measured an increasing permanent deformation of the fiber bed with
the number of compaction cycles. Stress relaxation and hysteresis were observed
indicating non-elastic behavior. Comas-Cardona et al. [112] measured the plastic
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Figure 2.8: Compaction (left) and relaxation (right) curves of CF/epoxy prepreg sample com-
paction experiments by Hubert and Poursartip. [107]

deformation of fiber beds in dry and impregnated state in a similar approach. They
found a non-linear elastic-plastic behavior under compression and pointed out the
linear correlation between plasticity development and deformation.
Michaud et al. [113] characterized the compaction of prepreg in vacuum bag only

(VBO) processing conditions with the goal to minimize the void content. In an
experimental approach similar to Hubert and Poursartip [107] they analyzed the
maximum fiber volume content at a given pressure. The initial resin content and
the extent of resin bleeding during processing showed a strong influence on the final
fiber volume content. The study showed a potential fiber volume content of up to
60 % at VBO conditions.
Li et al. [110] published an experimental analysis of the compaction and the

corresponding transverse permeability of prepreg laminates as a function of fiber
volume fraction. They proposed a simple experimental set-up to measure the com-
paction curve and the saturated transverse permeability of an uncured prepreg
sample stack. Their experimental results were compared to the compaction model
by Gutowski et al. [114] and showed good agreement.

2.3.2 AFP compaction characteristics

The compaction roller of the AFP process applies pressure on the incoming tape
and on the already deposited substrate. In TS-AFP, the heat input enhances the
prepreg tack, ensuring adhesion of the tape on the tool surface or the substrate.
Toughened prepreg material, as typical in aerospace applications, is partially im-
pregnated allowing air to escape through internal channels during evacuation [93].
The application of pressure and heat leads to through-thickness resin flow to fully
impregnate the tapes. A combination of shear and squeeze flow in TS-AFP leads
to a compaction of the prepreg material. The general knowledge on prepreg com-
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paction presented in Sec. 2.3 is combined with AFP specific properties of high rate
local pressure application via a flexible compaction roller in a variety of studies.
Sarrazin and Springer [115] developed a 2D FE thermo-mechanical stress model

for both TS-AFP and TP-AFP. One focus was the effect of the pressure applied
by the compaction roller on the laminate during deposition. The pressure applied
by a radial roller geometry was found to introduce interlaminar shear stresses and
normal stresses opposite to the direction of pressure application at the edges of
contact (cf. Fig. 2.9). The extent decreases with the number of plies and thickness
of the laminate, but is still assumed to be a potential cause for delaminations.

Figure 2.9: Components of the stresses by a radial compaction roller. [115]

Lukaszewicz and Potter [7] analyzed the through-thickness compression response
of prepreg material in the TS-AFP with the goal to generate input for an AFP pro-
cess model. In a laboratory scale test set-up they compacted CF prepreg samples
of 8 plies with a size of 100mm× 60mm in between two heated compaction plates
in a UTM. The compaction was applied by applying a defined displacement. The
through-thickness strain was measured via digital image correlation (DIC), allowing
the calculation of the through-thickness modulus E3 with

E3(t) = F (t) · A
ε

(2.3)

with the applied force F (t), the sample area A and the measured strain ε. A
visco-elastic as well as an elastic-plastic material description were formulated, and
experimental results were compared to these formulations. The visco-elastic effects,
i.e. time- dependent mechanical properties, were modeled by means of a Prony
series [116] according to



2.3 Compaction characteristics of prepreg materials 21

E(t) = Ee + n
n∑
i=1

Eie
t/ρi (2.4)

with Ee being the equilibrium modulus, Ei the relaxation modulus, ρi the relax-
ation time and nP the number of Prony series coefficients. The simplified elastic-
plastic material model is stated as strain hardening of the material by applying a
power law [117] as

ρis = ASHε
mSH + ρ0 (2.5)

with ρis being the instantaneous stress, ε the plastic strain, ASH and mSH strain
hardening coefficients and ρ0 the yield stress. With this study, Lukaszewicz and
Potter showed that the time dependency of the compression modulus can be neg-
lected for AFP compaction processing conditions, as the contact time of the com-
paction roller is very short. For compaction durations smaller than 0.1 s, the ma-
terial behavior can be considered time-independent with an error of less than 1.5 %.
[7]
[19] investigated the through-thickness compaction characteristics of toughened

epoxy prepreg material as part of his development of a thermo-mechanical coupled
simulation model of the TS-AFP process. Small prepreg stacks of 20mm× 20mm
were exposed to several short compaction cycles in a rheometer replicating AFP
processing conditions. The varied parameters were compaction pressure, temperat-
ure compaction time, release time and fiber orientation. The material was exposed
to eight compaction cycles and maximum compaction and maximum release was
recorded for each cycle. During compaction the material exhibited a non-linear
stiffness increase, during release the laminate increased in thickness showing elastic
behavior.
Nixon-Pearson et al. [37] and Belnoue et al. [118] focus on the thickness evolution

of prepreg stacks corresponding to consolidation for the purpose of understanding
the fundamental mechanics during automated processing. They come to the con-
clusion that toughened prepreg systems exhibit both percolation and shear flow
simultaneously during consolidation. This coupling however has scarcely been dis-
cussed in the literature. Therefore a new formulation of the prepreg compaction
model is developed and proposed.
The experimental work by Nixon-Pearson et al. for the coupled process model

[37] characterizes the main compaction mechanisms of toughened prepreg. The
investigation focuses on the material behavior at the edges of the material. This
is contrary to previous studies, where edges are fully constrained which repres-
ents the boundary conditions in the middle of a laminate [107]. The CF prepreg
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sample stacks with 16 plies and a size of 30 mm × 30 mm were compacted in a
dynamic mechanical analysis (DMA) equipment. Variation parameters were the
compaction pressure, pressure rate, temperature and fiber orientation. Apart from
UD and cross ply 0/90 (CP), the fiber orientation included a blocked ply (BP)
ply configuration with groups of 4 plies of similar orientation ([904, 04]2) and semi
blocked ply (SB) ply cconfiguration with groups of 2 plies of similar orientation
([902, 02]4). The temperature ranged from 30 °C to 90 °C with a maximum nominal
pressure of 0.26 MPa and a maximum pressure rate of 0.1 MPa s−1. The processing
conditions were supposed to replicate the AFP process, hot temperature debulking
and pre-cure consolidation during autoclave processing. Loading of the specimen
was performed by means of a monotonic loading and a dwell-ramp characteristic.
Monotonic loading was carried out by a continuous increase to 60 N in 1200 s. The
dwell-ramp run consisted of five 240 s steps with fast incremental load increase of
10 N starting from 20 N.
The results from Nixon-Pearson et al. show different compaction characteristics

for different fiber orientations and temperatures. A higher compaction, coupled
with higher increase in width, was achieved by BP compared to CP. This indicates
a greater spreading of BP samples which corresponds to the assumption of occur-
rence of shear flow. On the other hand, different loading characteristics, monotonic
and dwell-ramp loading, caused no difference in final thickness of the laminate for
other parameters kept constant. Temperatures between 30 °C and 60 °C show an
impact on the degree of compaction whereas for temperatures above 70 °C the com-
paction curves converge to a threshold. An analysis of the microstructure before
and after compaction showed clear evidence for the presence of percolation and
shear flow.
Belnoue et al. [118] developed the hyper-visco-elastic material model based on

the experimental results by Nixon-Pearson et al. [37]. The model combines percol-
ation and bleeding flow and provides a smooth transition between them. A main
advantage of the model is the requirement of only three material parameters along
with the tape dimensions. The parameters can be attained from compaction exper-
iments as done by Nixon-Pearson [37]. The results of the studies by Nixon-Pearson
et al. [37] and Belnoue et al. [118] were used to better understand and predict
the defect formation in AFP laminates [43]. The ability of the resulting model to
capture wrinkles formed during manufacturing was proven for lab-scale specimens
[46, 119]. In a next step, kinematically enhanced constitutive modeling can help to
overcome the limitations of scalability of the laboratory scale modeling and allow
the simulation of full scale industrial components [120].
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The pressure in AFP is typically applied with a flexible compaction roller. For
specific applications with small radii, like a spar geometry, an additional trailing
compaction plate can be required for a full track compaction [121]. The theoretical
pressure distribution underneath the compaction roller is defined by the theory of
contact mechanics of solid elastic bodies by Hertz [122]. The theoretical deforma-
tion of the compaction roller in z direction uz is

uz = − 2
πE?

∫ xmax

xmin

∫ a

−a

p(s)
x− sds dx (2.6)

with E? = Er

1−ν2
r
, Er as the elastic modulus of the roller, νr its Poisson’s ratio and

the assumption of a flat rigid tool surface [123]. The theoretical maximum pressure
is underneath the roller axis in the center of the contact area. From this peak, the
pressure reduces quadratic to zero at the edges of the contact area. The pressure
distribution p(x) relative to the distance to the contact center x can be determined
as

p(x) = 2F
πA2

c

(
A2
c − x2

)1/2
(2.7)

with F = πA2
cE

?

4rr
, Ac as contact area and rr as roller radius. This allows the cal-

culation of the theoretical pressure distribution underneath a deformed cylindrical
compaction roller of homogeneous material on a flat rigid surface. Fig. 2.10 shows
the theoretical roller deformation and the resulting pressure distribution [11]. Typ-
ical industrial compaction rollers consist of several materials, like a metal bearing
core, a flexible silicone or foam layer and a thin release coating layer. This leads
to compaction characteristics deviating from the Hertzian theory, as shown by
Lichtinger et al. [124]. They characterized an industrial scale compaction roller
with varying pressures and tool geometries and developed a FE based orthotropic
material model (cf. Fig. 2.10).
Fig. 2.10 c) shows a comparison by Lichtinger et al. [124] of the pressure distribu-

tion based on Hertzian contact mechanics, the experimental roller characterization
and the results of the FE modeling. The Hertzian pressure distribution is a quad-
ratic function of the contact length with a peak in the center of the contact area and
no pressure on the edges of the contact area. The experimental and numerical res-
ults show a significant deviation with a more uniform pressure distribution along
the contact length and peak pressures near the edges of the contact area. This
is explained by the non-homogeneous roller material with a stiff coating layer on
the outer surface. This deviation from the theoretical pressure distribution might
be beneficial for the reduction of bridging effects on concave tooling surfaces and
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Figure 2.10: Procedure and results of the AFP roller compaction study by Lichtinger. [11]

potentially reduce the risk of shear and delaminations predicted by Sarrazin and
Springer [115]. [11]



3 Vacuum debulking compaction

The quality of a cured laminate is predetermined by the accuracy of the deposition
process. Plies have to be positioned with respect to the desired fiber orientation
and compacted to avoid excessive entrapment of voids in between the plies. An es-
tablished measure to guarantee a defined compaction state is to cover the laminate
in a vacuum bag and compact it with vacuum pressure – so-called vacuum debulk-
ing. This is typically done after a specific number of plies for 10 to 30 minutes.
The process step is interrupting the ply deposition process and therefore has a dir-
ect influence on the overall process time. The bag application is a labor-intensive
manual process with a high use of consumables such as bagging film or tacky tape.
For serial production, reusable bags and sealants can be used, but are considerably
more expensive. The laminate can be heated during vacuum debulking by internal
tooling heating or external IR heaters, but most common is vacuum debulking at
room temperature. [5, 109]
The compaction effect of vacuum debulking is not yet quantified with a system-

atic parameter variation in published literature. In this chapter, an experimental
method for the continuous measurement of the thickness progress of a laminate
during vacuum debulking is developed and applied. The experiments include a
variation of laminate temperature, fiber orientation, number of plies and geometric
complexity. After a description of the applied materials and methods, the res-
ults are presented and discussed. The chapter ends with a list of limitations and
a conclusion. Parts of the results of this chapter were obtained in the theses of
Irmanputra [125] and Bissinger [126] under the supervision of the author.

3.1 Materials and methods

This section includes a description of the applied equipment and material. The ex-
perimental procedure that was developed to allow the continuous thickness meas-
urement is explained, followed by the procedure of data aquisition and evaluation.

25
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3.1.1 Equipment

For the debulking experiments, prepreg laminate samples were compacted on a
heated table and scanned using a triangulation scanner. The heated table elec-
trically heats its steel surface up to temperatures of 200 °C. An aluminum plate
was mounted on top, serving as tool surface. The level and distribution of the
temperature were monitored using thermocouples and a IR camera FLIR A325sc.
For the contactless measurement of the thickness progression over time, a laser

triangulation scanner GOM ATOS Capsule was used. By detecting the projections
of structured light with two stereo cameras, the system can detect 3D surface
profiles in a measurement volume of 320mm×240mm×290mm with an accuracy
of 18 µm [127]. The vacuum debulking was realized with a diaphragm pump MV
10 NT by Vacuubrand at a min. vacuum of 5 mbar [128].

3.1.2 Material

The material used for this set of experiments was the toughened aerospace grade
UD prepreg HexPly 8552/AS4 by Hexcel. The material system has a nominal
cured ply thickness of 0.130 mm, a nominal fiber volume fraction of 57.42 % and a
nominal resin content of 35 % weight [95]. All samples were manually laminated
and tested in uncured state. The out-time of all samples was tracked and kept
within a range of ± 3 h at testing. More details on the applied material systems
can be found in Sec. 2.2.2.

3.1.3 Experimental procedure

The goal of this set of experiments was to continuously track the thickness compac-
tion or debulking behavior of uncured prepreg laminates during vacuum debulking.
The varied parameters were tool temperature, number of plies, fiber orientation and
geometry (cf. Tab. 3.1).
Temperature and fiber orientation were varied in a full-factorial set of experiments,
number of plies and geometry in additional fractional factorial experiments. The
samples were manually laid-up with a size of 200 mm × 200 mm at either 16, 32
or 64 plies and either unidirectional (UD) or cross ply 0/90 (CP) fiber orientation.
The plies were compacted only by the self-weight of a handheld compaction roller
in order to avoid excessive and undefined pre-compaction. The applied test tem-
peratures were 30 °C, 50 °C, 70 °C, 90 °C and 110 °C. After the tool surface reached
the desired temperature ±5°C, the sample was placed on the surface and heated
for 15 minutes. The sample temperature was monitored with thermocouples on the
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lower and upper sample surface. Vacuum debulking was applied for 25 minutes at
5 mbar.

Table 3.1: Overview of all vacuum debulking experiment variations.

Test type Geometry Fiber
orientation

No. of
plies Temperature

[°C]
full-factorial flat UD/CP 16 30/50/70/90/110
fract.-factorial flat UD 16/32/64 70
fract.-factorial corner UD 16 30/70

3.1.4 Data acquisition and evaluation

The thickness progression was continuously tracked with a GOM ATOS Capsule
laser triangulation scanner. The scanning area included one third of the sample
surface and a part of tool surface including reference points around the vacuum
bag (cf. Fig. 3.1 a). A heat insulation foil was added to the tool surface to avoid
excessive heating of the measurement system. The vacuum bags were prepared with
a stochastic speckle pattern to allow continuous tracking. The measuring frequency
was set in several intervals as a compromise of accuracy and data processing effort
based on pretrials (cf. Tab. 3.2). The biggest effects were expected within the first
seconds, followed by a convergence towards a certain thickness.

Table 3.2: Measuring frequency of the thickness scans during the vacuum debulking experiments.

Interval Time Measuring
frequency

[s] [Hz]
1 0-20 2
2 21-60 0.5
3 61-300 0.25
4 301-700 0.125
5 701-1300 0.1
6 1301-1500 0.07

The proprietary software GOM Correlate was used for the data evaluation. An
inspection area with a distance of 40 mm to the edge of the laminate was defined
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to exclude edge effects. The thickness was determined as perpendicular distance of
the reference tool plane and the facets of the surface component on the inspection
area. A fitting plane was added with Gaussian best fit based on all measurement
points, allowing the determination of a mean thickness and standard deviation
(cf. Fig. 3.1). A relative compaction was calculated for better comparison of the
different samples by relating the thickness reduction to the initial thickness.

Figure 3.1: Data acquisition and evaluation procedure of the vacuum debulking experiments.

3.2 Results and discussion

The presentation of results in this section is sorted by the varied parameter, showing
its isolated influence on the compaction. This includes the effect of temperature,
fiber orientation and number of plies. The results are shown as compaction progress
over time, either relative to the initial thickness or in absolute terms.

Effect of the temperature
Fig. 3.2 and Fig. 3.3 show the relative compaction over time of CP and UD samples
at different temperatures. The general trend is an increased compaction with rising
temperature, ranging from overall compactions of min. 2.2 % for UD 30 °C to max.
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9.7 % for CP 110 °C. The majority of the compaction happens within the first 300 s.
With rising temperature, the variance of the results increases.
Fig. 3.2 shows the compaction results of CP laminates at 30 °C, 50 °C, 70 °C and

110 °C. The final compaction rises with temperature from 2.6 %, over 3.3 % and
6.7 % to 9.3 %. The progress shows a steep drop within the first 100 s to 300 s with
a flattening until 1500 s. 90 % of the compaction was reached after 215 s for 30 °C,
235 s for 50 °C, 395 s for 70 °C and 207 s for 110 °C.
Fig. 3.3 shows the compaction results of UD laminates at 30 °C, 50 °C, 70 °C and

90 °C. The final compaction rises from 2.0 % at 30 °C, over 3.2 % at 30 °C and
6.2 % at 70 °C to 6.4 % at 90 °C. The progress is similar to the CP samples, with a
steep drop within the first 100 s to 300 s and a flattening until 1500 s. 90 % of the
compaction was reached after 157 s for 30 °C, 165 s for 50 °C, 333 s for 70 °C and
253 s for 90 °C.
These results show the laminate temperature is a dominant influence on the com-

paction potential and correspond to the findings of other studies on the compaction
behavior of thermoset prepreg laminates [97, 118, 129–131].

0 2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0
- 1 0

- 8

- 6

- 4

- 2

0

Co
mp

act
ion

 [%
]

T i m e  [ s ]

 C P ,  3 0 ° C
 C P ,  5 0 ° C
 C P ,  7 0 ° C
 C P ,  1 1 0 ° C

Figure 3.2: Relative compaction over time of 16 ply CP samples at different temperatures.
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Figure 3.3: Relative compaction over time of 16 ply UD samples at different temperatures.

Effect of the fiber orientation
A comparison of the available data at similar temperature levels for UD and CP

fiber orientation is shown in Fig. 3.4. The thickness progression shows a similar
behavior for the respective temperature levels, with no distinct difference regarding
the fiber orientation. The final thickness reduction of the UD and CP samples was
2.2 % and 2.3 % at 30 °C, 3.5 % and 3.4 % at 50 °C and 6.9 % for both at 70 °C. These
results are contrary to published compaction studies including fiber orientation
variations, which show a tendency of more compaction for UD laminates compared
to CP fiber orientation [37, 118, 130].
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Figure 3.4: Relative compaction over time of 16 ply UD and CP samples at different temperat-
ures.
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Effect of the number of plies
The number of plies was varied in a fractional factorial set of experiments, com-

paring the standard 16 plies to 32 and 64 plies. The results are shown with absolute
compaction in Fig. 3.5 and with relative compaction in Fig. 3.6. The graph of the
64 ply sample misses data points in the range of t = 35− 110s, as described in the
limitations below.
The initial thickness of the samples was 13.2 mm with 64 plies, 6.4 mm with

32 plies and 3.2 mm with 16 plies. The absolute compaction increased with the
number of plies from 0.23 mm over 0.35 mm to 0.58 mm (cf. Fig. 3.5). The relative
compaction however decreased from 6.7 % over 5.3 % to 4.4 % with the number of
plies.
The majority of the compaction is again achieved in the first 300 s. The 16 ply

sample converges to a plateau, reaching 90 % of the measured compaction after
242 s. This 90 % compaction threshold shifts with increasing number of layers to
662 s for 32 plies and 1104 s for 64 plies, indicating further potential for compaction
for these samples. The reduced relative compaction with the number of plies can
be caused by the increased resistance for movement of entrapped air in z-direction.
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Figure 3.5: Absolute compaction over time of UD samples with different numbers of layers.
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Figure 3.6: Relative compaction over time of UD samples with different numbers of layers.

3.3 Limitations

• A software error during the measurement of the CP 90 °C and UD 110 °C
samples led to a corruption of the measurement data. This data is missing
in the evaluation.

• The vacuum sealing tacky tape has failed at the beginning of the UD 70 °C
CP sample measurement. This is the reason for missing measurement points
in the range t = 35− 110s, leading to straight lines in Fig. 3.6 and Fig. 3.5.

• The corner geometry samples could not be evaluated for several reasons.
The manual preparation of the complex geometries led to high variations,
especially in the corner regions of interest. It was difficult for the vacuum
bag to be arranged without wrinkles and without bridging at the same time,
leading again to high variations, especially in the concave radii. The resulting
data quality did not allow an evaluation.

• The measurement at high temperatures led to higher variations compared
to the low temperature samples. The sensor is equipped with an internal
cooling system. A heat insulating film was added to the tool surface to avoid
excessive heating. Still, the head temperature rose by approximately 5 °C.

• The limited size of the samples can lead to an increased compaction due to
additional evacuation at the edges compared to larger laminates in actual
production scenarios. However, the compaction happened uniformly within
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the scope of the measurement accuracy over the entire surface of the samples,
so it is assumed that this effect is negligible.

3.4 Conclusion
A set of experiments was conducted studying the laminate compaction during va-
cuum debulking. The varied parameters were process temperature, number of lay-
ers, fiber orientation and sample geometry. The thickness progression was tracked
using a laser triangulation scanner.
The experimental procedure allows the continuous tracking of the thickness pro-

gression of an uncured laminate during vacuum debulking. The results show a
strong influence of the process temperature with an increase of the overall com-
paction from around 2 % at 30 °C to more than 6 % at 90 °C and more than 9 %
at 110 °C respectively. This could justify the effort for vacuum debulking at elev-
ated temperatures if increased compaction or reduced debulking time is required.
The variation of the fiber orientation from UD to CP did not result in distinct
differences in the thickness progression. A variation of the number of layers per
sample from 16 to 32 and 64 showed a higher absolute compaction with increasing
number of layers, but a decrease in the relative compaction from 6.7 % for 16 layers
and 5.3 % for 32 layers to 4.4 % for 64 layers. The geometry variations could not
be evaluated for technical reasons, as the measurement set-up was not suitable
for measurements, especially in concave radii as described in the limitations. The
thickness progress showed that the majority of the compaction for the standard 16
ply samples took place within the first 300 s. Longer debulking times seem only
appropriate, when a higher number of plies is to be debulked at once.





4 AFP compaction on laboratory
scale

AFP is a complex process with many internal and external influencing and noise
parameters. Main internal factors are the process parameters lay-up velocity, com-
paction pressure and heat input. Looking at the complexity of the overall process
system, there are additional potential sources for variation – depending on the indi-
vidual design of the system – e.g. creel temperature, tape tension, tool temperature,
cooling tube pressure and many more. The material with its varying properties due
to aging can be considered as an external factor of variation. Changing environ-
mental conditions like temperature or humidity add external noise. Although the
goal of an industrialized serial production is to keep all these factors as constant
as possible, considerable variations can never be fully excluded. These factors to-
gether with the high effort for set-up and running of the industrial equipment make
scientific experiments on full-scale level challenging and extensive. Experiments on
laboratory scale have the goal to replicate the full-scale environment on a smaller
level. Their potential advantage is to have defined boundary conditions and a high
degree of repeatability, excluding unintended factors of variation. The same applies
to process simulations. Both require simplifications and assumptions that have to
be evaluated in order to clearly identify the transferability of the results and its
limits.
This chapter includes two sets of laboratory scale compaction experiments and an

approach to simulate cyclic compaction. In Sec. 4.1, an experimental method for
cyclic compaction of uncured laminate stacks on a rheometer is presented. Sec. 4.2
shows a similar set of cyclic compaction experiments but conducted on a UTM,
allowing for bigger sample sizes. In Sec. 4.3, a finite element (FE) based approach
to simulate the cyclic compaction behavior is described. Parts of the results of this
chapter were obtained in the theses of Etchegaray Bello [132], Lörch [133], Díaz
de la Hoz [134] and Vogl [135] under the supervision of the author. The results
of Sec. 4.1 were published by Etchegaray Bello, Engelhardt et al. [136]. The raw
data of Sec. 4.1 was published by Etchegaray Bello, Engelhardt et al. [137].

35
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4.1 Cyclic compaction of laminate stacks using a
rheometer

In the following set of experiments, small stacks of uncured prepreg layers were
compacted by a rheometer stamp with different levels of pressure and temperature.
The goal was to replicate the AFP lay-up sequence on a laboratory scale level,
allowing to analyze the influence of pressure and temperature on the resulting
laminate compaction based on prior studies by Lichtinger [11] and Nixon-Pearson
et al. [37]. This section is subdivided in the description of the applied materials
and methods, the results and their discussion, limitations and a conclusion. The
study was published by Etchegaray Bello, Engelhardt et al. [136].

4.1.1 Materials and methods

Equipment
A modular rheometer Anton Paar MCR302 was used to apply compaction cycles

at different temperatures (cf. Fig. 4.1). The rheometer was equipped with an
external cooling system Anton Paar Viscotherm VT2. An adapted sample tray with
increased wall thickness was used to avoid tray deformation resulting in thickness
measurement distortions. The rheometer punch was adapted to a circular cross-
section of 8 mm diameter. The rheometer can apply controlled compressive forces
up to 50 N. With Eq. 4.1, the resulting pressure was calculated:

F = p · A (4.1)

The equivalent AFP compaction forces (cf. Tab. 4.1) were derived for a roller
width wr = 30 mm and average contact length of lr = 20 mm with a roller diameter
of dr = 39 mm. The setting allowed compaction pressures in the force setting range
from 100 to 500 N for the respective AFP system. A pre-heating time of 300 s to
reach constant temperature levels was determined via thermocouple temperature
measurements in the sample tray.

Material
The samples consisted of toughened aerospace grade UD prepreg. For the full-

factorial main set of experiments, HexPly 8552/AS4 by Hexcel [95] was used. The
material system has a nominal cured ply thickness of 0.130 mm, a nominal fiber
volume fraction of 57.42 % and a nominal resin content of 35 % weight. The slit
tape samples included in the fractional factorial set of experiments consisted of
Hexcel HexPly 8552/IM7 [95] 1/8′′ slit-tape by Hexcel as used for AFP processing.
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Figure 4.1: Experiment set-up of the rheometer compaction experiments with adapted punch
cylinder, adapted tray and uncured prepreg standard samples before (top right) and
after (bottom right) compaction.

Table 4.1: Compaction pressure, rheometer force setting and equivalent AFP equipment force.

Compaction
pressure

Rheometer
force

AFP force
equivalent

[MPa] [N] [N]
0.1 5.03 60
0.2 10.05 120
0.3 15.08 180
0.4 20.11 240
0.5 25.13 300
0.6 30.16 360
0.7 35.19 420
0.8 40.21 480

This system has a nominal cured ply thickness of 0.131 mm, a nominal fiber volume
fraction of 57.70 % and a nominal resin content of 35 % weight. All samples were
laminated and tested in uncured state with a max. test duration of 20 minutes at
a maximum of 85 °C, in a range without significant influence on the degree of cure
[94, 138]. The out-time of all samples was tracked and kept within a range of ± 3 h
at testing. More details on the applied material systems can be found in Sec. 2.2.2.

Experimental preparation and procedure
The samples were prepared by manual lay-up of oversized plies with the respective

number of plies for each set of experiments. For the slit-tape samples, a 50 %
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staggering from ply to ply was included. The plies were compacted only by the self-
weight of a handheld compaction roller in order to avoid excessive and undefined
pre-compaction. The single samples with a size of 20 mm × 20 mm were cut out
by an automated cutter system Zünd M-1200 CV.
A full-factorial set of experiments was implemented with the main parameters

pressure and temperature. The influence of the number of plies, fiber orienta-
tion and material type were investigated on a fractional-factorial sample basis (cf.
Tab. 4.2). For all sets, the previously stacked laminate samples were exposed to sev-
eral compaction cycles, replicating the compaction profile during deposition in the
AFP process as developed by Lichtinger [11]. The number of compaction cycles
applied, corresponded to the number of plies of the samples. Three repetitions
were done for each parameter variation. The tests were randomized except for the
temperature levels, which were grouped for reasons of practicability.
A compaction cycle includes a compaction time of 3 s, followed by a release time

of 30 s (cf. Fig. 4.2). The closed rheometer tray with the sample was first heated
up to the desired test temperature for 300 s to ensure a homogeneous temperature.
The initial thickness of the sample was then measured by contacting it with the
rheometer punch with a force of 0.1 N. After this initial measurement, a loop with
the respective amount of compaction cycles was started. The desired force was ap-
plied at a rate of 90 µm/s. Points of interest were the initial thickness, the thickness
after compaction and the thickness after release. The data were processed for ana-
lysis with MATLAB. Random overloads led to some missing points in the thickness
profile that were filled with linear interpolation. The data of the single loop seg-
ments were combined, mean values for each parameter variation were calculated,
and the relative thickness changes were normalized for better comparison.

Table 4.2: Overview of all rheometer experiment variations.

Test type Material No. of
plies

Fiber
orient. Temperature Pressure

[°C] [MPa]

full-factorial unslit 16 UD 25/35/45/55/
65/75/85

0.1/0.2/0.3/0.4/
0.5/0.6/0.7/0.8

fract.-factorial unslit 16/24/32 UD 55 0.5
fract.-factorial unslit 16 CP 55 0.5
fract.-factorial slit-tape 16 UD 25/55/85 0.5
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Figure 4.2: Thickness force profile of the rheometer compaction experiments, showing three
exemplary cycles replicating the compaction profile of AFP.

4.1.2 Results and discussion

In Fig. 4.3, the actual thickness and force profile of an exemplary standard experi-
ment with 16 compaction cycles can be seen. The uncured prepreg laminate shows
viscoelastic material behavior, and a non-linear increase of the stiffness of the ma-
terial with compaction. The thickness increases with release of the compaction
pressure, showing elastic relaxation.

Figure 4.3: Exemplary thickness and force profile of a 16-cycle compaction program with
T=55°C, p=0.5 MPa.

Effect of pressure and temperature
In the main set of experiments, pressure and temperature were varied in a full-

factorial design. Fig. 4.4 shows the normalized thickness profile during the 16
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compaction cycles for the different levels of compaction pressure and temperature.
The thickness change is normalized via

tn = t

ti
(4.2)

leading to a common starting point at tn = 1 for all graphs and showing the relative
thickness change over time.
For all experiments, the thickness change increases with temperature and the

number of compaction cycles. A compaction limit can be seen for specific condi-
tions that will be discussed below (cf. Fig. 4.4). For 0.1 MPa compaction pressure,
the thickness reduction increases over the entire range of temperature levels. The
greatest thickness reduction to 69 % results after the 16th compaction cycle at
85 °C. For temperatures below 55 °C, the thickness plateaus with the last cycles.
The combination of low pressure and low temperature does not allow a further
compaction for the given scenario. For temperatures of 55 °C and above, no such
limit can be seen at this pressure level. The biggest relative effect of a temperat-
ure increase can be seen from 55 °C to 65 °C, where the relative difference is up
to 11.8 %. The thickness profiles at 0.2 MPa show a similar low compaction at
low temperatures, but only for temperatures below 45 °C. The highest thickness
reduction occurs again at 85 °C after 16 cycles, with a final thickness after release
of 52.8 % compared to the initial thickness. It is difficult to make a clear distinc-
tion at high temperatures due to the standard deviations of the final thickness (cf.
Fig. 4.5). However, it is assumed that for this pressure level, the compaction limit
at 85 °C initially occurs. The temperature differs from the reported temperature by
Ivanov et al. [139], where the compaction limit was reached at approximately 60 °C
to 70 °C at a pressure of 0.26 MPa with 18-ply samples of M21/T700. The final
thickness reduction at the compaction limit is similar. The thickness reduction for
0.3 MPa increases already at lower temperatures compared to the lower pressure
levels. The greatest reduction is again reached at 85 °C after 16 cycles at a level
of 53.1 %. This reduction is similar to the one at 0.2 MPa. The thickness profile
at 75 °C starts to converge to similar values as 85 °C, with only 1.2 % difference
in the final thickness. This is in good agreement with the result of Nixon et al.
[37], that above a specific temperature the compaction limit is independent of a
further temperature increase. The temperature threshold for their test conditions
was found at 70 °C. For 0.4 MPa the compaction limit is reached at 65 °C after the
11th cycle. The thickness reduction for 65 °C and all temperatures above converge
to a level of approximately 49 % of the initial thickness. For 0.5 MPa and above,
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the maximum thickness reduction stabilizes around 50 %. The compaction limit is
reached already at a temperature of 55 °C.

Figure 4.4: Normalized thickness change over 16 cycles with different compaction pressures and
temperatures.
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Fig. 4.5 shows the normalized overall thickness change for all temperature and
pressure variations, including their standard deviation. It can be seen that the effect
of increased pressure on the compaction is low for low temperatures of 25 °C and
35 °C. The temperature threshold by which the compaction limit is reached varies
with the pressure applied. A higher compaction pressure decreases the required
temperature to reach the compaction limit. Once the compaction limit is reached,
higher temperatures or pressures do not lead to a further compaction for the given
set-up.
Comparable lab-scale compaction studies by Ivanov et al. [139] and Nixon et al.

[37] show a compaction and transverse widening limit that corresponded to the
onset of bleeding. This effect was attributed to the transition from squeezing to
bleeding flow in the range of 60 °C to 70 °C at a pressure of 0.26 MPa.
The presented results show that a compaction limit is reached for experiment

conditions of 55 °C and 0.5 MPa, with about 50 % thickness reduction compared
to the initial thickness value. Since an overall compaction limit is reached, higher
temperature levels do not promote further stack thickness reduction. It is assumed,
that there is no flow transition from squeezing to bleeding flow taking place, which
would lead to a shift of the compaction limit with increasing pressure and temper-
ature [37, 139]. Another possible reason for this could be related to the geometry of
the samples and its smaller area in relation to the rheometer punch, as the force is
only applied in the middle of the prepreg material and the non-compacted border
of the specimen might restrict bleeding flow.

Figure 4.5: Normalized thickness change, comparing the final thickness after 16 compaction
cycles to the initial thickness for different temperature and pressure levels.
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The relaxation response shown in Fig. 4.6 corresponds to the compaction beha-
vior. With rising temperature and pressure, the thickness increase during release
time rises, with limitations above 55 °C in parallel to the limit observed in the
compaction behavior. The thickness profile during release shows a steep, almost
linear increase for the majority of the relaxation, followed by a smaller non-linear
flattening to a level below the thickness before compaction (cf. Fig. 4.3).

Figure 4.6: Mean thickness increase during release time of all cycles for different temperature
and pressure levels.

Effect of the number of plies
In addition to the full-factorial variation of pressure and temperature, single

factors such as the ply number were varied in a separate set of experiments.
The tests were performed at 55 °C with a pressure of 0.5 MPa and UD lay-up
(cf. Tab. 4.2). In Fig. 4.7, the thickness profile for the compaction of samples with
16, 24 and 32 plies is shown with normalized (left) and absolute (right) thickness.
The general progress of the compaction is similar. The time per cycle increases
with ply number due to force-controlled programming of the rheometer. Higher ab-
solute sample thicknesses lead to longer travel distances to reach a certain reaction
force. After high compaction ratios during the first cycles, it converges towards a
limit. With increased number of cycles, the compaction per cycle decreases. For
the 16-ply samples, the mean thickness reduction compared to the previous cycle
was around 1 % for the last two cycles. They experienced only 0.5 % to 0.7 % com-
paction after the 12th cycle. For the 32-ply samples, this compaction value was
reduced to 0.4 % after the 12th cycle. The thickness change compared to the initial
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thickness was 51.7 % for 16 plies, 46.1 % for 24 plies and 45.7 % for 32 plies (cf.
Fig. 4.8). The average thickness reduction per cycle was 3.0 % for 16 plies, 2.2 %
for 24 plies and 1.7 % for 32 plies.

Figure 4.7: Compaction profile of samples with different ply numbers with normalized (left) and
absolute (right) thickness profile.

Figure 4.8: Normalized thickness reduction for different ply numbers.

Effect of the fiber orientation
The influence of the fiber orientation was analyzed by samples with CP fiber

orientation to the standard UD samples. All tests were performed at 55 °C with a
pressure of 0.5 MPa (cf. Tab. 4.2). Fig. 4.9 shows a much higher compaction of the
UD laminate compared to the CP samples. The UD samples were compacted to
48.2 % of their initial thickness, whereas the CP samples maintained 84.0 % of their
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initial thickness. These results correspond to other studies showing a much higher
compaction of UD laminates compared to non-UD lay-up [11, 37, 139]. Non-UD
plies are isolated, especially regarding transverse widening, and reach a locking
configuration earlier compared to UD plies [37].

Figure 4.9: Normalized compaction profile of samples with cross-ply (CP) and unidirectional
(UD) fiber orientation.

Effect of the material
The standard samples of this set of experiments consist of unslit prepreg sheet

material. Here, slit-tape samples were compared to the standard samples to ana-
lyze the influence of the tape geometry with regard to the AFP process. The
slit-tapes had a width of 1/8′′ and were placed manually as described in Sec. 4.1.1.
Fig. 4.10 shows the compaction profiles of standard and slit-tape samples at three
different temperatures. At 25 °C, the profiles are well aligned, showing only minor
differences in the release response. The initial thickness is reduced to about 90 %
for both tape types. At 55 °C, the slit-tape samples experienced less compaction
compared to the standard samples. They were reduced to 54.4 % of their initial
thickness, compared to 51.8 % for the standard set-up. For the highest temperature
level, there is a big divergence of the profiles. The slit-tape samples were compacted
to 39.2 % of their initial thickness, the standard samples to 50.8 %. There is no
clear trend visible with rising temperature. A possible explanation is a difference
in the compaction limits of the different sample set-ups. As described in the full-
factorial variation of temperature and pressure above, the standard samples reach
a compaction limit at 55 °C and 0.5 MPa pressure. There is only a minor thickness
reduction beyond the compaction limit. The slit-tape samples experience signific-
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ant additional compaction at 85 °C, so it seems they have a compaction limit at a
higher temperature-pressure-combination.

Figure 4.10: Normalized compaction profile of standard and slit-tape material samples at dif-
ferent temperatures.

4.1.3 Limitations

The experimental procedure on laboratory scale is a compromise of the replication
of the AFP processing conditions on the one hand, and the feasibility of a repro-
ducible experiment with a limited number of variables on the other hand. This
compromise leads to inevitable simplifications that have to be considered when
analyzing the results.

• The samples were laid-up to a complete laminate stack prior to the com-
paction experiment and compacted with even pressure over the entire stamp
surface (cf. Sec. 4.1.1). This differs to the sequential lay-up and compaction
of the actual AFP process. For reasons of feasibility, the stack compaction is
established for laboratory scale AFP compaction experiments [7, 11, 37, 118].
A relative comparison of the compaction behavior of the samples within one
set of experiments is legitimate and allows qualitative conclusions for the
full-scale AFP process. Sec. 4.2 includes a comparison of full-stack or simul-
taneous compaction to sequential compaction.

• The samples were prepared by manual lay-up, leading to variations in their
initial compaction state and potentially leading to unsystematic variations in
the results of the experiments.
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• The standard unslit samples and the slit-tape consisted of material systems
with identical matrix system but differing fibers for availability reasons (cf.
Sec. 4.1.1). As the compaction behavior is dominated by the properties of the
matrix system and both material systems have a similar FVC, the difference
is assumed to be negligible for this set of experiments.

4.1.4 Conclusion

A set of experiments with cyclic compaction of laminate samples in a rheometer
was performed, replicating AFP compaction conditions in laboratory scale. Stacks
of uncured prepreg were exposed to cyclic, short-term compaction and release steps
at varying pressure, temperature, fiber orientation and number of plies. The results
show a significant increase of the compaction with rising temperature and pressure.
The relative overall compaction after 16 cycles varies from 4 % at 0.1 MPa and 25 °C
to 55 % at 0.8 MPa and temperatures of 55 °C and above. Samples with UD fiber
orientation show a significantly higher compaction than CP samples. A compac-
tion limit was identified starting at 0.5 MPa and 55 °C, with about 50 % thickness
reduction compared to the initial thickness value. Above these parameters, no
significant additional compaction is observed. Comparable lab-scale compaction
studies by Ivanov et al. [139] and Nixon et al. [37] show a compaction and trans-
verse widening limit that corresponded to the onset of bleeding. This effect was
attributed to the transition from squeezing to bleeding flow in the range of 60 °C
to 70 °C at a pressure of 0.26 MPa. It is assumed, that no flow transition from
squeezing to bleeding flow taking place in the presented set of experiments, as this
transition would lead to a shift of the compaction limit with increasing pressure
and temperature [37, 139]. Further studies have to be performed to verify whether
and, if so, under what conditions the transition from squeezing to bleeding flow
appears during AFP processing. This could be used to acheive more homogenous
laminate quality, potentially even without an autoclave.
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4.2 Cyclic compaction of laminate stacks using a
universal testing machine

In this set of experiments, pre-stacked laminates of uncured prepreg were com-
pacted via compaction plates in a universal testing machine (UTM) with different
levels of pressure and temperature. The goal was to replicate the AFP lay-up se-
quence on a laboratory scale level similar to the experiments in Sec. 4.1, but with
an extended sample size to exclude scaling or edge effects.
This section includes a description of the applied materials and methods as well as

the results with their discussion. The limitations are listed followed by a conclusion.

4.2.1 Materials and methods

Equipment
The compaction was realized with a 250 kN UTM by Hegenwald & Perschke

equipped with a 100 kN load cell and a heat chamber for test temperatures in a
range from −40 °C to 350 °C (cf. Fig. 4.11 left). Customized steel compaction
plates with a size of 220 mm × 220 mm and flatness tolerances of max. 0.05 mm
on both sides were mounted for the sample compaction (cf. Fig. 4.11 top right).
The strain measurement was done contactless with a 2.8 mega pixel (MP) video
extensometer by LIMESS with a 75 mm f/1.8 C-mount lens (cf. Fig. 4.11 bottom
right). A 2× teleconverter was installed between camera body and lens, leading
to an effective focal length of 150 mm. The theoretical resolution of this set-up is
1 µm.

Material
The samples were laminated with the toughened aerospace grade UD prepreg

HexPly 8552/AS4 by Hexcel [95]. This material system has a nominal cured ply
thickness of 0.130 mm and a nominal fiber volume fraction of 57.42 %. All samples
were laminated and tested in uncured state with a maximum test duration of 25
minutes at max. 55 °C, in a range without significant influence on the degree of
cure [94, 138]. The out-time of all samples was tracked and kept within a range
of ± 3 h at testing. More details on the applied material system can be found in
Sec. 2.2.2.

Experimental preparation and procedure
The samples had a size of 200 mm × 200 mm with 16 plies. They were built by

manual lay-up of plies, pre-cut by an automated cutter system Zünd M-1200 CV.
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Figure 4.11: Experiment setup of the compaction experiments on the 250 kN universal testing
machine (UTM) (left) with compaction plates (top right) and video extensometer
(bottom right).

The compaction during deposition was realized with the self-weight of a handheld
compaction roller in order to avoid excessive and undefined pre-compaction.
In the main set of experiments, a full-factorial two level variation of the paramet-

ers temperature, pressure, fiber orientation and application of dedicated debulking
steps was implemented (cf. Tab. 4.3). The samples were compacted as a full lam-
inate stack, with all plies being compacted simultaneously. Fiber orientation was
varied from unidirectional (UD) to cross ply 0/90 (CP). Test temperatures were
varied from 25 °C to 55 °C representing room temperature and high temperature
AFP process conditions. Pressure was varied between 0.1 MPa and 0.5 MPa as
these are considered as minimum and maximum AFP process pressures. Debulk-
ing steps were replicated by applying 0.1 MPa pressure with the compaction plates
for 15 min after every 8th compaction cycle. This represents a typical debulking
interval after every 8th ply.
In an additional fractional-factorial set of experiments, the laminate was built

and compacted sequentially. The samples were laminated in the UTM and com-
pacted by it after each ply. This set was implemented to check for the influence of
the simultaneous full stack compaction as simplification compared to the sequen-
tial compaction closer to actual AFP processing conditions. As the laminate had
to be accessed after each compaction, all samples had to be compacted at room
temperature (cf. Tab. 4.3).
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Table 4.3: Overview of all UTM experiment variations.

Test type Compaction Fiber
orient. Temperature Pressure Debulking

c a T p pd
[°C] [MPa] [MPa]

full-factorial simultan.
full stack UD/CP 25/55 0.1/0.5

-/0.1 (15 min
every 8th

cycle)
fractional-
factorial sequential UD/CP 25 0.5 -

For all sets, the previously stacked laminate samples were exposed to several
compaction cycles replicating the compaction profile during deposition in the AFP
process – similar to the rheometer compaction study presented in Sec. 4.1. The
number of compaction cycles applied, corresponded to the number of plies of the
samples. This simplified replication of the AFP process compaction by a simul-
taneous compaction of a full laminate stack is applied in several AFP compaction
studies [7, 11, 37, 118]. For all experiments, the parameter variations were repeated
three times. The order was randomized except for the temperature levels, which
were grouped for reasons of practicability.

Figure 4.12: Compaction procedure without debulking steps as implemented on the UTM.

Fig. 4.12 shows the compaction procedure implemented in the UTM for the exper-
iments without debulking, Fig. 4.13 with debulking. The thickness of the samples
was measured prior to each compaction cycle by applying a minimum compaction
of ptm = 25 N for 5 s. The desired compaction pressure pc was applied in the
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next step at a rate of 10 kN/s. After reaching the desired compaction pressure,
the compaction plate was removed at a rate of 50 mm/min. This resulted in an
overall compaction application time of 2.6 s with a holding time of the compac-
tion pressure of 0.25 s (cf. UTM raw data in Sec. A.1). The release time after
each compaction cycle was 30 s. This routine was repeated 16 times. After the
last compaction cycle, the final sample thickness was measured again by applying
ptm = 25 N . The experiments with applied debulking varied from this procedure
only by an additional applied debulking pressure pd = 0.1 MPa for 15 min after
the 8th and 16th compaction cycle (cf. Fig. 4.13).

Figure 4.13: Compaction procedure with debulking steps as implemented on the UTM.

Evaluation methods
The sample thickness was measured initially and after each compaction cycle, as

indicated in Fig. 4.12 and Fig. 4.13. The data was visualized as thickness over
compaction cycle in Fig. 4.14, Fig. 4.15 and Fig. 4.16 to get an overview over
the compaction profile. All main effects and interactions of the varied parameters
were evaluated using linear regression analysis and visualized in Fig. 4.17 and
Fig. 4.18. The laminates were cured to a degree of cure (DOC) above 60 % applying
a soft curing method to secure a defined state for handling of the samples without
manipulating the laminate properties (cf. Sec. 5.2.1). For an excerpt of the samples
with minimum and maximum compaction parameter settings, the void volume
content (VVC) was determined (cf. Tab. 4.4) via measurement of sample volume
and density based on ASTM D3171-5 [140].
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Table 4.4: Overview of the VVC sample parameters.

Sample Fiber
orient. Compaction Temperature Pressure Debulking

a c T p pd
[-] [-] [°C] [MPa] [MPa]

Llow CP SIM 25 0.1 -
Lhigh UD 55 0.5
Dlow CP 25 0.1 0.1
Dhigh UD 55 0.5
Clow CP SQ 25 0.1 -
Chigh UD 25 0.5

4.2.2 Results and discussion

The results are first analyzed based on the thickness progress of the stack compac-
tion without debulking and with additional debulking steps as well as the sequential
compaction samples. In a second step, the results of the full-factorial experiments
with and without debulking are analyzed for their interactions and interdepend-
encies. The varied parameters and their setting (low ↓, high ↑) are given in the
legend of the respective figure (cf. Tab. 4.3).

Compaction without debulking
Fig. 4.14 shows the thickness progress over 16 compaction cycles without debulk-

ing. There is a clear trend of thickness reduction for all samples. The maximum
final thickness is reached with the CP samples at low pressure and low temper-
ature. The smallest final thickness occurred for UD samples with high pressure
and high temperature. These configurations have a relative thickness difference of
5.7 %. Apart from the minimum and maximum final thickness, there is no clear
trend visible in the order of results. The initial thickness varies considerably, mak-
ing a normalization diffucult. This is presumably due to the manual lay-up of the
samples and the very low force used for thickness measurement. A considerable
number of the thickness progress graphs in Fig. 4.14 intersect between the initial
thickness and after the first compaction step. The order of the samples changes
after the initial compaction, but remains constant for most samples up to the final
compaction.
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Figure 4.14: Compaction profile of samples without debulking.

Compaction with debulking
Fig. 4.15 shows the thickness progress over 16 compaction cycles for all samples

with additional debulking steps. The thickness before and after the final debulking
step is indicated as compaction cycle number 17 and 18 on the x-axis. There is again
a clear overall trend of thickness reduction for all samples with distinct thickness
reduction during the two debulking steps. The initial thickness varies randomly
and the order in the overall thickness changes similar to the experiments without
debulking mostly after the first compaction cycle. After the 8th compaction cycle
prior to the first debulking, the CP samples with low pressure and low temperature
shows the biggest thickness. The UD samples with high pressure and high temper-
ature have the lowest overall thickness at this point. This trend is similar to the
experiments without debulking. The deviation between the minimum and max-
imum thickness after the 8th compaction is 5.2 %. The first debulking step brought
a significant compaction for all samples of 3.0 % on average, together with a re-
arrangement of the thickness order. The relative difference of the sample thickness
was decreased to 1.6 %. For the compaction cycles after the first debulking step,
there is no additional thickness decrease visible. The second debulking step leads
to a final thickness reduction by 1.0 % on average. The relative thickness difference
is with 2.3 % considerably smaller than without debulking. The UD samples with
low pressure and low temperature setting had the biggest final thickness value.
The smallest overall thickness was reached with the UD samples with high pres-
sure and high temperature. The short-term compaction contributed 66.7 % to the
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overall compaction, the debulking 33.3 %. Excluding the initial compaction step,
the debulking causes 78.2 % of the total thickness decrease.

Figure 4.15: Compaction profile of samples with debulking.

Sequential compaction
Fig. 4.16 shows the normalized thickness progress of the samples with sequen-

tial compaction (SQ) compared to samples with simultaneous stack compaction
(SIM). The thickness is normalized by the nominal ply thickness of the material
divided by the number of plies present during the respective compaction step. The
results show a clear trend of thickness reduction for all compaction cycles and all
parameter combinations. The initial thickness has a noticeable difference, with
the SQ samples being 16.1 % thicker than the SIM samples. After 16 compaction
cycles, this difference is reduced to 1.6 %. For the UD samples, the final thickness
difference is 0.9 %, for the CP samples it is 2.4 %. A potential explanation for the
difference is the differing total number of compaction cycles per ply. For the SIM
samples, all 16 plies are compacted 16 times simultaneous in a full stack compac-
tion, leading to an accumulated sum of 256 ply compactions. In the SQ set-up, the
number of compactions per ply decreases towards the top from 16 compactions for
the first layer to one compaction for the final layer. This leads to an accumulated
sum of ∑16

n=1 n = 136 ply compactions.
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Figure 4.16: Compaction profile of samples with sequential compaction.

Parameter effects and interactions
Fig. 4.17 shows the single factor main effects of the full-factorial parameter vari-

ation. Compaction pressure p and temperature T showed a similar effect on the
final thickness. A pressure increase from 0.1 MPa to 0.5 MPa decreased the final
thickness of the laminate by 0.048 mm or 1.5 % of the total laminate thickness.
Increasing the process temperature from 25 °C to 55 °C led to a final thickness
reduction of 0.052 mm or 1.6 %.
The effect of fiber orientation or ply alignment a showed a tendency to lower thick-

ness reduction for CP compared to UD by 0.018 mm or 0.6 %. Taking into account
the two-sided confidence interval of 0.02 mm, this effect was of low significance.
The single effect of the application of debulking steps, indicated as debulking

pressure pd in Fig. 4.17, is dominant among the single parameter main effects.
The application of 0.1 MPa debulking pressure for 15 minutes leads to an average
compaction potential of 0.106 mm or 3.3 % of the total laminate thickness. The
compaction potential for debulking is here 55.2 % higher compared to the com-
paction pressure and 51.3 % higher compared to the process temperature. The
experimental procedure led to the fact, that all high temperature samples were
debulked at the elevated temperature of 55 °C. This leads to an overestimation of
the debulking effect when comparing it to debulking at room temperature.
All significant interactions of the main parameters are shown in Fig. 4.18. The

two graphs per line a, b, c and d show the same interaction effect depicted with
a swapped base for better comprehension of the effect. The interaction between
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Figure 4.17: Main effects for the full-factorial parameter variation.

compaction pressure and debulking pressure (cf. Fig. 4.18 a) shows, that the com-
paction potential of debulking is reduced with increasing compaction pressure by
45.2 %. When debulking is applied, the effect of the compaction pressure setting
becomes insignificant, illustrated by the overlapping two-sided confidence intervals
in Fig. 4.18 a for pd = 0.1 MPa. The compaction potential of the compaction
pressure is reduced by 78.8 % when debulking is applied. This indicates that the
potential for compaction by increasing compaction pressure diminishes as the de-
bulking takes a predominant share of the overall compaction. On the other hand,
this shows the potential for compaction when the vacuum debulking effort is re-
duced.
Another strong interaction of two main parameters was identified for the ply

alignment and the debulking pressure (cf. Fig. 4.18 b). The ply alignment has an
influence on the final thickness as long as no debulking is applied. With applied
debulking, the effect of the alignment is reduced to an insignificant difference.
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Figure 4.18: Parameter interactions for the full-factorial parameter variation.



58 4.2 Cyclic compaction of laminate stacks using a universal testing machine

The interaction between compaction pressure and ply alignment is similar, but of
smaller overall effect size (cf. Fig. 4.18 c). Ply alignment has an influence on the
final thickness only for low compaction pressure. An elevated compaction pressure
eliminates this influence. With increasing pressure, the compaction potential is
bigger for CP lay-up compared to UD fiber orientation.
The interaction of the parameters process temperature and debulking pressure

is small, indicated by the almost parallel lines in Fig. 4.18 d. An elevated pro-
cess temperature slightly reduces the compaction potential of applied debulking.
The application of debulking on the other hand slightly reduced the compaction
potential of elevated temperature settings.

Void content analysis
Fig. 4.19 shows the results of the void volume content (VVC) determination in

soft cured state (cf. Sec. 5.2.1), with the goal to compare the laminate proper-
ties as deposited. The samples include minimum ("low") and maximum ("high")
compaction regarging tempeature and pressure settings, with debulking ("D") and
without debulking ("L") as well as samples with sequential compaction ("C"). The
parameters of all samples are summed up in Tab. 4.4. The VVC ranges from
3.5 % for Chigh to 13.7 % for Llow. All samples with high compaction parameters
show a low VVC and vice versa. The highly compacted stack compaction samples
Lhigh and Dhigh both have a VVC of 4.2 %. This suggests that for high pressure
and temperature, additional vacuum debulking does not result in a lower VVC.
A lower final thickness of the debulked samples may result from additional shear
flow, leading to a further spreading of fiber and matrix compared to the undebulked
samples. The VVC of the sequentially compacted samples with high compaction
settings Chigh is slightly lower than for Lhigh and Dhigh. A possible cause may be
the reduced resistance in z-direction as the laminate thickness is built up sequen-
tially. This comparison has to be considered with care, as Chigh was unlike the
other highly compacted samples tested at room temperature for feasibility reasons
(cf. Tab. 4.4). Comparing the samples with low compaction settings Llow, Dlow and
Clow, they show a higher variation in their VVC but also a higher scatter within
one parameter setting. From Llow to Dlow the VVC is decreased by 4.6 %. This
shows a high influence of the debulking application when the rest of the compac-
tion parameters has a low setting. Llow and Clow have identical settings, except
for the simultaneous stack compaction for Llow and the sequential compaction for
Clow. For the sequential compaction, the VVC decreases by 2.6 % . Together with
the difference of Lhigh and Chigh this suggests, that the VVC of the simultaneously
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compacted samples is overestimated compared to the sequential lay-up of AFP
processing.
Fig. 4.19 also includes the normalized density ρnorm of the samples as considered

for the void content analysis. The density is normalized by dividing the measured
sample density by the nominal density ρnominal = 1.58 g/cm3 of the prepreg ma-
terial according to the data sheet [95]. The highly compacted samples all reach a
normalized density above 95 %, while the low compaction samples reach 91 % or
lower. Comparing the results of VVC and normalized density, an inversely pro-
portional correlation becomes present. All highly compacted samples have a low
variance and scatter in the normalized density results. The normalized density for
the low compaction samples shows a bigger deviation with Llow having the highest
VVC and lowest ρnorm and Dlow having the lowest VVC and highest ρnorm. This
suggests that the determination of the normalized density can be an option for a
comparison of different laminates.

Figure 4.19: Void volume content and normalized density of samples with low and high com-
paction parameter settings.
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4.2.3 Limitations

The experimental procedure on laboratory scale is a compromise of the replication
of the AFP processing conditions on the one hand, and the feasibility of a repro-
ducible experiment with a limited number of variables on the other hand. This
compromise leads to inevitable simplifications that have to be considered when
analyzing the results.

• All samples with simultaneous stack compaction (SIM) were laid-up to a com-
plete laminate stack prior to the compaction experiment and compacted with
even pressure over the entire sample surface (cf. Sec. 4.2.1). This differs to
the sequential lay-up and compaction of the actual AFP process. For reasons
of feasibility, the stack compaction is established for laboratory scale AFP
compaction experiments [7, 11, 37, 118]. A relative comparison of the com-
paction behavior of the samples within one set of experiments is legitimate
and allows qualitative conclusions for the full-scale AFP process. A fractional
factorial set of experiments with sequential compaction (SQ) was conducted
to check for systematic differences between SIM and SQ compaction. The
results showed similar qualitative behavior and compaction profiles, with a
tendency to higher final thickness but lower VVC for the SQ samples.

• The experimental procedure led to the fact that all samples combining de-
bulking and high temperature were debulked not at room temperature, but
at the elevated temperature of 55 °C. This leads to an overestimation of the
debulking effect when comparing it to debulking at room temperature.

• The debulking procedure was replicated by an even pressure of 0.1 bar for
15 min after 8th and 16th compaction cycle. Unlike for the actual vacuum
debulking as applied in industrial applications, no vacuum was present. This
leads to an underestimation of the void removal, especially in z-direction.

• The samples were prepared by manual lay-up, leading to variations in their
initial compaction state. This is visible at the initial thickness in the com-
paction profiles.

4.2.4 Conclusion

A set of experiments with cyclic compaction of laminate samples in a UTM was
performed, replicating AFP compaction conditions in laboratory scale. Stacks of
uncured prepreg were exposed to cyclic, short-term compaction and release steps at
varying pressure, temperature, fiber orientation and number of plies. The results
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show a significant thickness reduction for all samples with the highest compaction
with high pressure, high temperature and UD fiber orientation. The lowest com-
paction was shown for low pressure, low temperature and CP fiber orientation. A
comparison of full-stack simultaneous stack compaction (SIM) and sequential com-
paction (SQ) identified a higher overall compaction for the full-stack procedure,
presumably due to the higher average number of compaction steps per ply.
An increase of pressure and temperature showed positive effects on thickness re-

duction on a similar scale. Dedicated debulking had the biggest impact on the
compaction, equalizing the thickness differences of the different sample combin-
ations. The effect was amplified by the experimental procedure though, leading
to an overestimation of debulking. CP fiber orientation allowed less compaction
compared to UD orientation.
Significant interactions were identified for the parameter combinations pressure

and debulking, fiber orientation and debulking, pressure and fiber orientation as
well as temperature and debulking. The compaction potential of debulking was
reduced with increasing compaction pressure. When debulking was applied, the
effect of the compaction pressure setting became insignificant. VVC was analyzed
in soft cured state, showing the laminate properties as deposited. A clear trend
of reduced VVC with higher compaction was shown. For high compaction para-
meter settings, additional debulking did not lead to further VVC reduction. It was
identified, that the full-stack simultaneous compaction leads to an overestimation
of the VVC compared to sequential compaction as appearing in full-scale AFP
processing.
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4.3 Cyclic compaction simulation

This section describes an finite element (FE) based approach to simulate the cyclic
compaction behavior similar to the set of laboratory scale compaction experiments
covered in Sec. 4.2. This is based on applying the hyper-viscoelastic model de-
veloped by Belnoue et al. [118] of the University of Bristol.
The section includes an overview on the set-up of the FE model, the results and

their discussion with a conclusion.

4.3.1 Set-up of the finite element model

An FE based model was set up to replicate the compaction behavior of the UTM
experiments described in Sec. 4.2. The model was built using Abaqus FEA Stand-
ard and implementing the user defined material model (UMAT) subroutine of the
hyper-viscoelastic material model by Belnoue et al. [118] of the University of Bris-
tol.
The experimental set-up of Sec. 4.2 was replicated with rigid compaction plates

and a 16 ply UD laminate in between. Since the laminate is symmetrical, only
a quarter of the in-plane dimension was created with the respective symmetry
conditions to improve the computation time of the model. The thickness progres-
sion is measured via the displacement of the center node defined at the center of
the laminate at the upper ply (cf. Fig. 4.20). The model was run on the Linux
super-computing cluster segment CoolMUC-2 of the Leibniz supercomputing center
(LRZ).

Figure 4.20: Overview of the symmetric quarter model built in Abaqus with upper compaction
plate, laminate and fixed lower compaction plate.
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Upper and lower compaction plate were defined as rigid bodies with a dimension
of 110mm× 110mm× 25mm. All plies were designed as deformable bodies with
a dimension of each 100 mm × 100 mm × 0.219 mm. The initial thickness of the
laminate stack was supposed to be equal to the mean of the initial thicknesses
til = 3.504mm for 16 plies of the experiments in Sec. 4.2. This results in an initial
ply thickness of tip = 0.219 mm. Both plates and all 16 plies were meshed within
ABAQUS and defined as standard 8-node solid elements with reduced integration
“C3D8R”. The plates were assigned with the material properties of aluminum with
a density of 2.7 g/cm3, a modulus of elasticity of 70 GPa and a Poisson ratio of
0.3. The material properties of the plies were assigned by the UMAT with the
according material type carbon/epoxy IM/8552 prepreg, which was used for the
model validation by Belnoue et al. [37, 118]. The lower compaction plate was
defined as fixed against translation and rotation in all directions. For the upper
plate, only translation in z-direction was allowed. Along the symmetry axes of the
laminate, a lateral spreading was restricted. The contacts between the separate
instances were defined as surface-to-surface contacts. Each ply was separately
defined as master surface to the neighboring instances, that were defined as slave
surfaces. In the contact of the upper and lowermost ply, the compaction plate was
defined as master surface, the ply as slave. The cyclic loads were defined as single
steps, applying a uniform load on a reference point on the upper compaction plate.
The experimental compaction pressure of 0.1 MPa corresponds to a force of 1000 N
for the quarter model contact area of 100mm×100mm. Temperature was applied
to the model via a predefined field. Output was generated as field output requests
at an interval of 0.1 s.

4.3.2 Results and discussion

Fig. 4.21 shows representative results of the simulation runs. Displacement was
measured at the central node of the upper compaction plate (cf. Fig. 4.21 a, c).
The thickness at the end of the release time was defined as the thickness after a
compaction cycle. It is displayed over all compaction cycles and in comparison to
the experimental results of Sec. 4.2 in Fig. 4.21 b and d.
For the simulation without debulking, the initial maximum displacement ranges

from −0.2343 mm to −0.2450 mm from cycle 1 to 16 with a steep relaxation close
to the initial thickness. In detail, the progress of the final displacement is nonlin-
ear with decreasing compaction over the compaction cycles (cf. Fig. 4.22). This is
comparable to the experimental results on a qualitative level, but the quantity of
the effect is too small in the range of two orders of magnitude (cf. Fig. 4.21 b). The
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Figure 4.21: Simulation results showing the center node displacement (a, c) and thickness pro-
gress (b, d) for cyclic compaction with (d) and without (b) debulking.

initial offset of the experiment and simulation thickness progress is explained by
the high variation of initial thickness in the experimental samples due to manual
lay-up. The modelled thickness is set to the mean value of all experimental samples
and therefore varies from single samples. The compaction simulation including de-
bulking shows a similar displacement and thickness progress for the first 8 cycles.
A distinct thickness reduction is reached during the 15 min debulking, much higher
than for the compaction cycles. The absolute thickness reduction of the first de-
bulking cycle is in a similar range for experiment and simulation with 0.107 mm
and 0.118 mm, respectively. For the second debulking step, 0.028 mm were real-
ized in the experiments compared to 0.086 mm for the simulation. The overall
final thickness reduction was 0.257 mm for the experiment and 0.138 mm for the
simulation.
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Figure 4.22: Thickness progress detail of the simulation results for plow, Tlow, UD, no debulking.

4.3.3 Conclusion

An FE model was set up with the goal of replicating laboratory the scale UTM com-
paction experiments described in Sec. 4.2 and creating a tool for efficient parameter
variations for a given set-up. The model was built using Abaqus FEA Standard
and implementing the UMAT subroutine of the hyper-viscoelastic material model
by Belnoue et al. [118]. The results show a qualitative agreement with the experi-
mental data. Quantitatively, however, there is an offset in the range of two orders
of magnitude. The source of the discrepancy could not be identified within the
scope of this thesis, but is most likely to be connected to the switch from shear
to bleed flow in the UMAT. The simulation could not be applied as planned, and
a comparison with more experimental runs is dispensable with this quantitative
mismatch. An improvement of the approach must be part of follow-up work, in
order to allow efficient simulation based parameter variations for a given set-up.





5 AFP compaction on full-scale

In the previous chapters, the AFP process chain was analyzed by scaled or partial
experiments or simulations with the goal to find a realistic representation of the
process at a feasible extent with a set of experiments including parameter vari-
ations. For a complex process like AFP, this is always a compromise, neglecting
factors of variation and noise that are not to be excluded for a full-scale industrial-
ized process. In this chapter, different sets of full-scale experiments are presented
to exclude systematic bias of the results and to ensure practical relevance of the
effects shown.
In Sec. 5.1 of this chapter, a set of experiments on the full-scale AFP compaction

behavior during processing is described. It focuses on process parameter variations
and their influence on the thickness progression during processing. Sec. 5.2 in-
cludes the evaluation of the influence of compaction variations on the mechanical
performance of full-scale AFP laminates.
Parts of the results of this chapter were published by Engelhardt et al. [82, 141].

The studies were implemented with support of the student theses by Brath [142],
Aufenanger [143] and Vogl [144] under the supervision of the author.

5.1 Compaction behavior during AFP processing
This section describes the investigation of the compaction behavior of prepreg tapes
for full-scale AFP processing conditions in combination with vacuum debulking and
subsequent autoclave curing. A series of experiments was performed to analyze
the influence of AFP process parameters and debulking frequency on laminate
compaction.
The section is subdivided into the description of the applied materials and meth-

ods, the results and their discussion and a conclusion.
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5.1.1 Materials and methods

Equipment
Full-scale fiber placement was realized with an industrial AFP machine by Cori-

olis Composites (cf. Sec. 2.1.4), with the main process parameters heat input
controlled by the power output P of the IR lamp, compaction pressure p applied
by the silicone roller and lay-up velocity v. Thickness measurements of the lam-
inates were performed with an optical 3D triangulation scanner GOM ATOS III.
The scanner projects structured light on the measurement object and inspects its
reflection via two cameras (cf. Fig. 5.1). The geometry of the object distorts the
planar 2D pattern of the structured light, allowing a computation of the 3D geo-
metry of the object. The scanner was equipped with lenses for a measuring volume
of 320mm× 320mm× 240mm and a min. accuracy of 0.016 mm according to the
measurement system manufacturer GOM GmbH [145]. [146]

Figure 5.1: Optical thickness measurement principle (left) and set-up on site (right).

Material
The material system used in this study was HexPly 8552/IM7 with a FAW of 134

gram per square meter, a matrix weight content of 34 % and a nominal cured ply
thickness of 0.131 mm [95]. The material was processed as UD slit tape at a width
of 1/8′′. More details on the applied material system can be found in Sec. 2.2.2.

Experimental set-up
Flat samples of 16 plies with a size of 200 mm × 200 mm were laid up on a flat

aluminum tooling with different parameter settings in a full-factorial experiment
design and one repetition per parameter set (cf. Fig. 5.2). The varied parameters
were heat input via lamp power of the IR heater P , compaction force of the silicone
roller F resulting in a variation of the compaction pressure p, lay-up velocity v and
debulking frequency f (cf. Tab. 5.1). The variations included a "low" and "high"
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setting, representing the lower and upper limit of the typical process window for
each parameter. Thickness measurements were performed after every eighth ply
and after debulking if applicable. Laminate surface temperature was logged with
an IR camera FLIR A325sc mounted on the lay-up head.

Figure 5.2: Experimental set-up with sample lay-up and reference points.

All samples were subsequently cured in an autoclave according to the data sheet.
A first dwell step was held at 7 bar and 110 °C for 60 minutes. The final curing
step at 7 bar and 180 °C was held for 120 minutes. Heating and cooling rates were
3 K/min.

Table 5.1: AFP process parameter settings.

Parameter Unit low high
Infrared lamp power P [W] 215 (50 %) 430 (100 %)
Compaction force F [N] 100 500
Lay-up velocity v [m/s] 0.04 0.12

Debulking frequency f [-] -
15 min at
RT after
every 8th ply
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Data acquisition and evaluation
In a first step, the empty tooling surface was scanned, including the reference

points around the lay-up area. After lay-up, the laminate was scanned perpen-
dicular to the fiber direction, again including the reference points. Reference and
laminate scan were exported as point clouds and positioned based on the reference
points. A rectangular area with 30 mm distance to the laminate edges was defined
as measurement area. Perpendicular vectors between the polygonized surfaces
defined the thickness of the laminate for each polygon area. This resulted in an av-
erage of more than 200,000 measurement points per sample surface and parameter
variation, allowing statistically valid data evaluation. The mean of the thickness
distribution and its standard deviation were calculated for analysis. Fig. 5.3 shows
an exemplary scan of two neighboring samples and their thickness distribution in
the form of a histogram.

Figure 5.3: Exemplary thickness scan (left) and histogram (right) of two samples.

5.1.2 Results and discussion

Fig. 5.4 shows the laminate surface temperature resulting from the heat input con-
trolled by the IR lamp power P . The graphs include the temperature progression
from ply 2 to 16 for the different power settings with and without debulking. Radi-
ation reflections on the aluminum tooling did not allow valid measurements for the
first ply. The different power settings "low" and "high" led to a significant difference
in the surface temperature with up to 20 °C for the final layers. Debulking caused
an interruption of the lay up process for the set up of the prepared vacuum bag
of around 5 minutes and the vacuum debulking time of 15 minutes. This led to a
significant drop in the temperature build-up by more than 10 °C after the eighth
ply for high heat input. The mean temperature was 42.8 °C for Phigh and 29.1 °C
for Plow. The average standard deviation of the single measurements for the defined
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measurement area within the lay-up track was 2.8 °C, but is not depicted in the
graph for reasons of clarity and comprehensibility.
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Figure 5.4: Temperature build-up during the lay-up of the 16 plies of all samples.

All thickness results were analyzed for single factor effects of the main process
parameters as well as for their interdependent effects. Fig. 5.5 shows the single ef-
fects of the main parameters via the uncured thicknesses ‘t’ after 16 layers, grouped
for the low and high settings for the respective factors.

Figure 5.5: Single factor effects on the uncured laminate after 16 plies.

The full-factorial variation of the process parameters leads to a mix of all para-
meter settings in this form of depiction, causing high standard deviations and a
blurring of the mean values. It can be seen that the mean differences between
"low" and "high" setting are the biggest for the heat input and debulking. Debulk-
ing led to a thickness reduction of 0.9 % after eight plies and 0.8 % after 16 plies.
Fig. 5.6 shows the single effects of the main parameters after 16 plies, including
the respective thicknesses after curing. The average bulk factor or compaction rate
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during curing is 7.7 %. With respect to the standard deviations, no clear trend is
visible for the single factor variations.

Figure 5.6: Single parameter effects on the uncured and cured laminate.

Fig. 5.7 shows the significant interdependent effects for different factor combin-
ations. The graphs include combined factor variations for two factors each. With
increasing difference of the connecting graph slopes, the interaction between the
two factors rises. The two graphs contained in lines a), b) and c) of Fig. 5.7
contain the same interaction effect, but depicted with a swapped base for better
comprehension of the effect. With the standard deviation and its ratio to the ef-
fect size, an interpretation at this stage difficult. Taking into account the statistic
factors as described below, a careful interpretation is done. Fig. 5.7 a) shows the
interaction between compaction pressure p and lay-up velocity v. For a low com-
paction pressure, the influence of the lay-up velocity is minimized (Fig. 5.7 a, left).
The combination of high compaction pressure and low velocity, resulting in a longer
compaction time, leads to the highest compaction within this combination (Fig. 5.7
a, right). Fig. 5.7 b) contains the interdependent effects of compaction pressure
and debulking frequency. A high compaction pressure reduces the influence of the
vacuum debulking, but its influence remains visible. In Fig. 5.7 c, the interaction
between the heat input via the IR lamp power P and the application of debulking
is depicted.
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These factors show the strongest interaction within this study. With applied
debulking, the effect of heat input is reduced to a minimum (Fig. 5.7 c, left). A
high process temperature on the other hand reduces the compaction potential of
debulking to a minimum (Fig. 5.7 c, right). Based on the respective laminate
thickness, the interaction of heat input and debulking frequency (Fig. 5.7 c) with
1.53 % thickness change has the biggest influence on the compaction, followed by
compaction pressure and lay-up velocity (Fig. 5.7 a) with 1.08 % and compaction
pressure and debulking frequency (Fig. 5.7 b) with 0.71 %.
The ratio of standard deviations to measured effect as shown in the results makes

an interpretation of the effects difficult. The very high amount of more than 200,000
measurement points per sample still allows the application of statistical methods
for the interpretation of the results. Assuming the absence of systematic errors with
a constant desired plate thickness, a theoretical confidence interval of 5 % around
the mean can be calculated. The resulting confidence interval of ±0.5 · 10−3 mm is
two orders of magnitude smaller than the shown standard deviations, increasing the
shown effects’ significance. Additional repetitions per parameter variation would
increase the population of data points within the statistical data set and therefore
the significance of the evaluation. [147, 148]
Process temperature is a hard to control parameter on a full scale industrial

process, as shown in Fig. 5.4. Temperature builds up over time with continuous
lay-up and is dependent of part geometry and laminate thickness. This brings
additional challenges to the interpretation of the results. The results show the
biggest influence on the compaction of the uncured laminate by the heat input
and the application of debulking. These two factors show interdependent effects,
suggesting a potential to replace the influence of the vacuum debulking by elevated
process temperatures.
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Figure 5.7: Interdependent effects of selected parameter variations on the uncured laminate
thickness after 16 plies.
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5.1.3 Conclusion

Full-scale AFP lay-up experiments with varying lay-up velocity, heat input via IR
lamp power, compaction pressure and debulking frequency were conducted. Their
influence on cured and uncured laminate compaction was investigated using a 3D-
triangulation scanner to measure the thickness of the laminate at different stages.
Heat input and the application of debulking have shown the biggest influence on
the compaction of the uncured laminate. Autoclave curing led to an average com-
paction rate of 7.7 %, showing no clear trend regarding the AFP and debulking
parameter variations. Debulking after 8 and 16 plies added a thickness reduction
of less than 1 %. Interdependent effects of the factor variations identify the most
prominent interaction for the parameters heat input and debulking frequency. It
was shown, that for the given set-up, taking into account the theoretical confid-
ence interval due to the high amount of measurement points, adjusted heat input
settings can help to replace the compaction influence of vacuum debulking.
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5.2 Influence of compaction and curing on the
mechanical performance

This section summarizes a set of experiments where AFP laminates with different
compaction and curing states were evaluated regarding their mechanical perform-
ance, internal and surface structure, as well as their void content. For the mech-
anical characterization, tensile tests, 4-point-bending tests and interlaminar shear
strength (ILSS) tests were applied. The internal structure was evaluated via micro
CT. For the surface structure evaluation, an optical profilometer was used. The
void content was determined via segmentation of the micro CT images.
The section is subdivided into the description of the applied materials and meth-

ods, the results and their discussion and a conclusion.

5.2.1 Materials and methods

This sub-section provides an overview on the used equipment and material as well
as the experimental procedure and the applied evaluation methods.

Equipment
An industrial AFP machine by Coriolis Composites was used for the prepreg

deposition (cf. Sec. 2.1.4). The machine processes 8×1/8′′ tapes and compacts them
with a silicone compaction roller with a diameter of dr = 39 mm. The heat input
is generated with an IR lamp with a max. power of PIR,max = 430 W. Laminate
surface temperature during tape deposition was logged with an IR camera FLIR
A325sc mounted on the lay-up head. More details on the used TS-AFP equipment
can be found in Sec. 2.1.4.
The mechanical characterization was performed on a standard 50 kN UTM by

Hegenwald & Perschke. Strain measurement was realized contactless via a 2.8 MP
video extensometer by LIMESS with a 75 mm f/1.8 C-mount lens. For the surface
structure analysis, a 3D profilometer Keyence VR-5000 with a resolution in z-
direction of 1 µm was used [149]. Micro CT scans were performed at ANU using
a flat panel detector with a resolution of 3.000 × 3.000 pixels with a micro-focus
X-ray source of 80 kV. The scanning resolution or voxel size for the samples was
1.6 µm.[150]

Material
The samples were manufactured with aerospace grade HexPly 8552/IM7 UD car-

bon prepreg by Hexcel [95]. The material system has a nominal cured ply thickness
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of 0.131 mm and a nominal fiber volume fraction of 57.70 %. More details on the
used material system can be found in Sec. 2.2.2. Tab. 2.1 shows the mechanical
properties according to the data sheet.

Experimental procedure
AFP laminates with three different compaction parameter sets and three dif-

ferent curing states were manufactured, leading to nine variations in total. The
process parameter sets included benchmark compaction (bm), minimized compac-
tion (mc) and optimized compaction (oc) parameters (cf. Tab. 5.2). Benchmark
settings are based on typical parameters as they are used for low to medium com-
plexity aerospace laminate manufacturing. The optimized parameters include the
maximum settings for heat input and pressure as predefined in the parameter set-
tings of the AFP equipment used, in addition with a low velocity setting. Min-
imized compaction is realized by a minimum compaction force, no heat input and
a high velocity setting. Each laminate consisted of 16 plies and had a size of
500 mm × 500 mm, allowing to extract 7 samples each for tensile tests in 0°- and
90°-orientation, 4-point bending tests in 0°- and 90°-orientation and ILSS tests as
well as samples for microscopy, VVC determination and micro CT. The bench-
mark compaction parameter set represents a typical setting as used in industrial
applications. This includes medium to high settings for compaction force, velocity
and heat input. Vacuum debulking is applied for 15 minutes at room temperature
(RT) after every 8th ply, leading to two debulking cycles for the 16-ply laminates.
Based on the results presented in Sec. 5.1, an optimized compaction parameter set
was defined. It includes an increased compaction force and heat input at a lower
velocity and without separate vacuum debulking. For the minimized compaction
parameter set, compaction force and heat input have a "low" setting combined with
a "high" velocity and without vacuum debulking. The additive nature of the AFP
process results in gradual heating of the substrate due to the repeated heat input
with each track. Fig. 5.8 shows the temperature build-up of the substrate meas-
ured by the FLIR A310 IR camera for the benchmark and optimized parameter
set as mean of all built laminates. The minimum compaction parameter set is not
visualized as it was constant on room temperature level in between 22 °C and 25 °C
due to the lack of heat input. The interruption by vacuum debulking after the
8th ply led to a mean temperature drop of 4.3 °C. There was a difference of 15 °C
between the benchmark and optimized parameter set at the end of the lay-up.
Autoclave curing (AC) was done according to the data sheet [95] with 120 minutes

at 180 °C at a pressure of 7 bar after an initial hold for 60 minutes at 110 °C at
7 bar pressure. Vacuum curing (VC) was performed with the same temperature
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Figure 5.8: Temperature build-up on the AFP-laminate surface during the lay-up of 16 plies.

profile as for autoclave curing, but with vacuum pressure only. Soft curing (SC)
has the goal to maintain the laminate properties as deposited without alteration
by excessive heat or pressure. Based on the methods by Lukaszewicz et al. [93]
and Nixon et al. [37], a stepwise curing cycle was developed. Starting at a low
temperature level, the laminate is cured to its highest isothermally reachable DOC
before raising the temperature to a higher level. This keeps the viscosity as high
as possible and mitigates flow mechanisms. A sufficient duration at the isothermal
levels was extrapolated from material characterization results [94] and checked
via differential scanning calorimetry (DSC). The resulting cure cycle starts with
18 hours at 60 °C followed by 4 hours each at 70 °C, 80 °C, 90 °C, 100 °C and 120 °C
leading to a DOC of >60 % [82]. The respective sample geometries were cut out
using waterjet cutting.
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Table 5.2: Variation of AFP process parameters, debulking and curing.

Parameter set Compaction
force Velocity Heat

input Debulking Curing

[N] [m/s] [W]

Benchmark (bm) 250 0.09 322 15 min every
8th ply SC/VC/ACOptimized (oc) 500 0.04 430 -

Minimized (mc) 100 0.12 0 -

Evaluation methods
The samples were analyzed by mechanical characterization, optical examination

and by determination of the FVC . Tab. 5.3 shows the applied standards and the
according sample geometries. For all mechanical tests, a standard 100 kN UTM
by Hegenwald & Peschke was used. The strain measurement was done contactless
with a 2.8 MP video extensometer by LIMESS with a 75 mm f/1.8 C-mount lens
(cf. Fig. 5.9). A 2× teleconverter was installed between camera body and lens.
The effective focal length was 150 mm, leading to a theoretical resolution of 1 µm.

Figure 5.9: Set-up of the 2.8 MP video extensometer by LIMESS with a 75 mm f/1.8 C-mount
lens and 2x teleconverter.

The tensile tests in 0°- and 90°-direction were done according to DIN EN ISO
527-1 [155] and DIN EN ISO 527-5 [156]. In 0°-direction, the results are dominated
by fiber properties. With 90° fiber orientation, the test is dominated by properties
of matrix, fiber-matrix interface, internal stresses and voids [157]. Thus, especially
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Table 5.3: Applied test standards and sample dimensions.

Test Standard Sample dimensions
[mm]

ILSS DIN EN 2563 [151] 20 x 10 x 2
4-point bending (0°, 90°) DIN EN ISO 14125 [152] 100 x 15 x 2
Tensile (0°) DIN EN 2561 [153] 250 x 15 x 2
Tensile (90°) DIN EN 2597 [154] 250 x 25 x 2
Micro CT - 6 x 2 x 2

the 90°-samples were expected to show the influence of the applied parameter
variations. Test speed for all tensile tests was 2 mm/min. For each parameter
variation, 7 samples were tested. Tensile strength σT11 in 0°-direction and σT22 in
90°-direction are calculated by Eq. 5.1 taking into account the load at failure FR
and the sample dimensions. Tensile modulus is determined as secant modulus ET11

in 0°-direction and ET22 in 90°-direction based on Eq. 5.2:

σT = FR
w t

(5.1)

ET = σ2 − σ1

ε2 − ε1
(5.2)

DIN EN ISO 527-1 defines the points to determine the secant modulus at 0.05 % (1)
and 0.25 % (2) strain. For the determination of ET22 of the SC samples, (2) had to
be adapted to 0.20 % due to the low load and elongation at failure.

The 4-point bending tests in 0°- and 90°-direction were done according to DIN
EN 14125 [152]. It is used to determine the strength and deformation properties
of composite materials under bending stress. In this set-up, samples are subjected
to tensile stresses, compressive stresses and shear stresses, while the influence of
the shear stresses can be minimized with a sufficient length to thickness ratio.
The bending moment between the two inner pressure fins is constant, leading to
theoretically no shear stress in this area. The test speed was set to 5 mm/min.
7 samples were tested per parameter variation. The flexural or bending strength
σf is calculated based on Eq. 5.3, taking into account the maximum bending force
Fmax, the distance between the lower support points L and the sample dimensions:

σf = FmaxL

wt2
(5.3)
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The flexural or bending module Ef is calculated based on Eq. 5.6, taking into
account the deflection s′ for ε′f = 0.0005 (cf. Eq. 5.4) and s′′ for ε′′f = 0.0025 (cf.
Eq. 5.5):

s′ =
ε′fL

2

4.7t (5.4)

s′′ =
ε′′fL

2

4.7t (5.5)

Ef = 0.21L3

wt3

(
∆F
∆s

)
(5.6)

The results of the 4-point bending test were normalized to evaluate the influence
of the varying FVC. In fiber direction, they were normalized based on Eq. 5.7:

Enorm,11 = Emean
tmeas
tref

(5.7)

The mean thickness of the samples tmeas is divided by the theoretical reference
thickness as defined in the test standard tref . For the results perpendicular to the
fibers, the stiffness of the matrix has to be considered [158]. Taking into account
the inverse rule of mixture, the results are normalized using Eq. 5.8:

Enorm,22 =
(

1
Em
−
( 1
Em
− 1
Emeas

) 1− ϕnorm
1− ϕcalc

)−1

(5.8)

with Em being the modulus of the matrix and ϕcalc being the calculated FVC of
each sample. The FVC is calculated using Eq. 5.9:

ϕ = FAW

ρf CPT
(5.9)

with ρf being the fiber density. The cured ply thickness (CPT) is determined by
Eq. 5.10:

CPT = tmeas
n

(5.10)

with tmeas being the measured ply thickness and n the number of plies.

The ILSS was determined by a short beam shear test (SBS) according to DIN
EN 2563 [151]. It is a 3-point bending test with a short distance of the support
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points, keeping the bending moment low compared to the shear stress. This way, a
shear-induced failure of the specimen can be provoked. Test speed was 1 mm/min
for all ILSS samples. For each parameter variation, 7 samples were tested. The
apparent interlaminar shear strength τ12 is calculated with the force at failure FR
according to Eq. 5.11:

τ12 = 3
4
FR
wt

(5.11)

The micro CT scans were done by ANU using a flat panel detector with a resolu-
tion of 3.000× 3.000 pixels and a micro-focus X-ray source of 80 kV. The samples
had a size of 6mm× 2mm× 2mm. 3D images were reconstructed based on gray-
scale projections using a helical reconstruction software developed by ANU. The
scanning resolution or voxel size for the samples was 1.6 µm. [150]
For the surface scans, a 3D profilometer Keyence VR-5000 with a resolution in

z-direction of 1 µm was used [149]. FVC was determined optically based on a
segmentation of the micro CT scans (cf. Fig. 5.10).

Figure 5.10: Segmentation of the micro CT scans at the example of sample SC-bm: original z-
slice (a), z-slice with excluded cracks (b), segmented z-slice with marked composite
(green) and void (black) regions (c).

5.2.2 Results and discussion

This section summarizes and discusses the results of the tensile tests in 0°- and
90°-direction, 4-point bending tests in 0°- and 90°-direction, ILSS tests, micro CT
scans and void volume content determination.

Tensile test
The tensile properties were tested in 0°- and 90°-direction, with all samples show-

ing linear elastic behavior until failure, as typical for brittle epoxy composite
samples [159]. Fig. 5.11 shows the tensile strength, Fig. 5.11 the tensile modu-
lus in fiber direction. The tensile strength in 0°-direction shows a trend with the
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best results for AC just followed by VC and a clear difference to SC. The best
result was obtained for AC-oc with 2646 MPa. This is a 6.7 % higher result com-
pared to AC-bm and 1.3 % higher compared to AC-mc. The tensile strength of
the VC samples is just slightly below the AC samples, with only VC-bm showing
a clearer drop with a tensile strength of 2180 MPa. SC samples had a significantly
lower tensile strength, especially for SC-mc with 1893 MPa 0° tensile strength. The
tensile modulus in fiber direction shows a similar trend, but to a lesser extent. The
highest tensile modulus was identified for AC-oc with 154 GPa. SC-mc had again
the lowest result with 139 GPa. Within one curing method, the variation is again
small. Only SC-mc shows a significant drop compared to the other SC samples. All
SC samples failed, showing a strong “brooming effect” with a brush-like separation
of the filaments at failure as sign for an especially poor fiber-matrix coupling [157].
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Figure 5.11: Tensile strength in 0°-direction for different compaction and curing parameter vari-
ations.
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Figure 5.12: Tensile modulus in 0°-direction for different compaction and curing parameter vari-
ations.

Fig. 5.13 shows the tensile strength, Fig. 5.14 the tensile modulus perpendicular to
the fiber direction. The tensile strength in 90°-direction shows a clear trend for the
different curing methods, with the best results for the AC-samples and clear drops
of the VC and SC samples. Within the AC samples, there is a slight trend contrary
to the expectations visible, as mc showed the best results followed by bm and oc.
Considering the high standard deviation, this trend can be neglected. VC-mc shows
the highest value within the VC samples, which is again unexpected. For the SC
samples, a clear drop from oc over bm to mc with a minimum tensile strength of
7.7 MPa can be seen. The tensile modulus showed again a lower difference between
but also within the curing methods compared to the strength values. The highest
result was obtained for the AC-oc sample with a tensile modulus of 8.41 GPa. Only
the SC samples allow a clear differentiation from oc over bm to mc with the lowest
result again for SC-mc with a tensile modulus of 4.94 GPa.
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Figure 5.13: Tensile strength in 90°-direction for different compaction and curing parameter
variations.
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Figure 5.14: Tensile modulus in 90°-direction for different compaction and curing parameter
variations.
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4-point bending
The flexural properties were tested in 0°- and 90°-direction. All samples had

linear elastic behavior (cf. stress-strain curves in Sec. A.2.1). Fig. 5.15 shows the
bending strength, Fig. 5.16 the bending modulus in fiber direction. For the bending
strength in 0°-direction, a trend with slightly better results for AC compared to
VC and a clear drop with SC can be seen. The best result was obtained for AC-oc
with 1360 MPa. This is a 3.7 % higher result compared to AC-bm and 2.2 % higher
compared to AC-mc. The bending strength of the VC samples was just as good
as the AC samples, with only VC-bm having a slightly lower bending strength of
1250 MPa. The SC samples showed a significantly lower bending strength, espe-
cially for SC-mc with only 885 MPa bending strength in fiber direction. For the
bending modulus in fiber direction, a similar trend was identified, but to a lesser
extent. The highest bending modulus was shown for AC-oc with 140 GPa. SC-
mc had again the lowest result with 119 GPa. The variation within one curing
method is again small. Only SC-mc showed a significant drop compared to the
other SC samples. In Tab. 5.4, the failure modes based on the definition in DIN
EN ISO 14125 [152] are summarized. The majority of the samples failed under
pure compressive stress failure (CSF). SC-samples failed primarily by a mixture
of compressive stress failure with buckling of the outer compressed layers. This
resembles the defined failure mode of compressive failure and interlaminar shear
failure, but indicates a poor fiber-matrix bonding.
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Figure 5.15: Bending strength in 0°-direction for different compaction and curing parameter
variations.

Fig. 5.17 shows the bending strength, Fig. 5.18 the bending modulus perpendic-
ular to the fiber direction. For the bending strength in 90°-direction, a clear trend
for the different curing methods, with the best results for all AC samples and clear
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Figure 5.16: Bending modulus in 0°-direction for different compaction and curing parameter
variations.

Table 5.4: Failure modes of the 4-point bending samples with 0°-degree fiber orientation.

Failure mode AC
oc

AC
bm

AC
mc

VC
oc

VC
bm

VC
mc

SC
oc

SC
bm

SC
mc

Compr. stress failure (CSF) 3 4 4 5 5 3 1 - 1
CSF (incl. interlam. shear) 2 2 3 - 2 3 6 5 5
Tenslie stress failure (TSF) 1 - - - - - - 1 -
TSF (incl. surface break) - - - 2 - - - - -
Number of tests 6 6 7 7 7 6 7 6 6

drops of the VC and SC samples. Within the AC samples, there is only a minor
advantage of the oc configuration, with a maximum bending strength of 82 MPa.
VC-mc shows the highest value within the VC-samples, which is unexpected and
hard to explain with the information at hand. In the SC-samples, there is a clear
drop from oc over bm to mc with a minimum bending strength of 15.8 MPa. The
bending modulus shows again a lower difference between but also within the curing
methods compared to the strength values. Still, the highest result is obtained for
the AC-oc samples with a bending modulus of 8.33 GPa. Only the SC samples
allow a clear differentiation from oc over bm to mc with the lowest result again for
SC-mc with a bending modulus of 4.37 GPa. The failure modes according to DIN
EN ISO 14125 are listed in Tab. 5.5. Most samples were assigned compressive stress
failure (CSF). Since the majority of the samples showed an instant failure through
the entire thickness at the moment of fracture, the exact failure mode was hard to
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determine. UD samples perpendicular to the fibers are expected to predominantly
have tensile stress failure (TSF), as their properties are dominated by the matrix.
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Figure 5.17: Bending strength in 90°-direction for different compaction and curing parameter
variations.
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Figure 5.18: Bending modulus in 90°-direction for different compaction and curing parameter
variations..

Fig. 5.19 sums up all results of the 4-point bending test by curing method, em-
phasizing the trend of decreasing properties from AC over VC to SC most dominant
for the strength values in 90° direction.
In general, the FAW can be assumed constant for the flat prepreg samples for

the given processing conditions. The different curing methods showed different
bleeding behaviors. In the autoclave, the high pressure and temperature led to
intense bleeding. With vacuum pressure only, the bleeding behavior was reduced.
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Table 5.5: Failure modes of the 4-point bending samples with 90°-degree fiber orientation.

Failure mode AC
oc

AC
bm

AC
mc

VC
oc

VC
bm

VC
mc

SC
oc

SC
bm

SC
mc

Compr. stress failure (CSF) 6 7 7 7 7 6 7 - -
CSF (incl. interlam. shear) - - - - - - - - -
Tenslie stress failure (TSF) - - - - - - - - -
TSF (incl. surface break) - - - - - - 7 6 7
Number of tests 6 7 7 7 7 6 7 6 7

During soft curing, the lack of pressure led to almost no bleeding. Thus, the
three different curing methods can lead to a difference in the FVC. The results
were normalized to estimate the influence of this effect, but showed no significant
difference to the non-normalized values and no clear trend in their difference (cf.
appendix Sec. A.3). This indicates, that the effect of the differing FVC is negligible
for the interpretation of this set of experiments. [160]



90 5.2 Influence of compaction and curing on the mechanical performance

1 , 3 3 0 1 , 3 0 0
1 , 0 4 0 7 9 . 2

5 3 . 3

2 1 . 7

1 3 7 1 3 0 1 2 7 8 . 1 3 7 . 7 6
5 . 5 6

A C V C S C0

2 5 0

5 0 0

7 5 0

1 , 0 0 0

1 , 2 5 0

1 , 5 0 0
Be

nd
ing

 st
ren

gth
 0°

 [M
Pa

]

A C V C S C0

2 0

4 0

6 0

8 0

1 0 0

Be
nd

ing
 st

ren
gth

 90
° [M

Pa
]

A C V C S C0
2 0
4 0
6 0
8 0

1 0 0
1 2 0
1 4 0
1 6 0

Be
nd

ing
 m

od
ulu

s 0
° [G

Pa
]

A C V C S C0

2

4

6

8

1 0

Be
nd

ing
 m

od
ulu

s 9
0° 

[G
Pa

]

A C : a u t o c l a v e  c u r e
V C : v a c u u m  c u r e
S C : s o f t  c u r e

Figure 5.19: Bending strength and modulus in 0°- and 90°-direction summarized by curing
method.

Interlaminar shear strength (ILSS)
Fig. 5.20 shows the ILSS test results sorted by curing method (AC, VC, SC) and

compaction parameter set (oc, bm, mc). The apparent interlaminar shear strength
(ILSS) represents the quality of the fiber-matrix adhesion and is sensitive to the
presence of interply voids [161]. It is well suited for relative comparison within
a test campaign. However, this value can vary considerably if test conditions or
specimen geometry are varied, which is why a comparison with literature values is
only possible to a limited extent [162].
The results show a decrease in shear strength from AC over VC to SC, with

a particularly strong reduction for SC. Fig. 5.21 summarizes the results by cur-
ing method, emphasizing this trend. Within one curing method, the parameter
variations show a significant influence only for the SC-samples, with a clear drop
from oc over bm to mc. For VC, only the bm configuration shows a reduced shear
strength, which is presumably caused by improper vacuum curing (cf. micro CT
results and conclusion). From AC to VC, an average increase of the void content
by 1.3 % leads to an average drop of the ILSS by 9.8 % (cf. Fig. 5.23). From AC
to SC, an average increase of the void content by 5.2 % causes an average drop
of the ILSS by 42 %.This is an average drop in the ILSS of 7.8 % per 1 % void
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content increase, comparable to literature values with a range of 5 % to 10 % drop
[161, 163–169].
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Figure 5.20: Interlaminar shear strength (ILSS) for different compaction and curing parameter
variations.
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Figure 5.21: Interlaminar shear strength (ILSS) summarized for three different curing parameter
variations.

Micro CT
Micro CT scans of the samples were reconstructed to 3D images and cut in

slices with x-, y- and z-direction. The z-slices cut the images perpendicular to
the UD fibers. Fig. 5.22 shows z-slices of all samples and gives an overview on
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their homogeneity and porosity. X- and y-slices can be found in the appendix in
Sec. A.4.2.
The different curing methods lead to clear differences in homogeneity as well as

quantity and distribution of voids in the laminates. AC samples show a very ho-
mogeneous laminate throughout the entire thickness of the sample, with no visible
voids. The determined void content is 0.00 % for all AC samples according to the
void segmentation based on the scans. All AC samples have a smooth and even
surface on the vacuum bagging side (topside in Fig. 5.22). The rectangular cut
shape of the samples is unimpaired. Within the AC samples, no optical difference
between the different process parameters is visible.
For the VC samples, a clear increase of the void content compared to the AC

samples can be seen. A variety of voids in different sizes is visible for all three
process parameters, whereas the voids in the VC-oc sample appear to be only
small to medium sized compared to the bm and mc sample. The majority of the
voids are distributed in the lower two-thirds of the laminate cross-section. Based
on the segmentation, the void content is 1.0 % for VC-oc, 2.4 % for VC-bm and
1.4 % for VC-mc. The high porosity of VC-bm is unexpected and not to explain
with the given information. An error during processing, e.g. of the vacuum during
curing, cannot be ruled out and does not seem unlikely.
The SC samples show considerable inhomogeneity and the greatest void content

of the set. There is a smaller number of conglomerated voids compared to the VC
samples, but a high amount of dry tape regions that were not fully impregnated. For
the SC-mc sample, additional big voids in a regular distribution can be identified.
The distance and distribution of these voids indicate that these are the edges of
the 1/8′′ AFP tapes. The shape of the SC samples is not rectangular, as the poor
laminate quality led to spallings during cutting and grinding of the specimen. This
is presumably also the reason for the visible cracks.
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Figure 5.22: Micro CT overview showing the z-slices of the different combinations of process
and curing parameters.

Void volume content
Fig. 5.23 shows the VVC results, determined via segmentation of the micro CT

scans (cf. Fig. 5.10). A clear difference in the curing methods can be seen, with
an average VVC of 0.0 % for AC, 1.6 % for VC and 5.2 % for SC. All AC samples
have 0.0 % VVC within the scope of the measurement resolution. For VC, the
VVC ranges from 1.0 % to 2.4 %, whereas the result for the VC-bm configuration
is considered as unexpectedly high. This irregularity is in line with the mechanical
results as described above. By far the highest VVC and the biggest scatter is
shown for the VC configuration, ranging from 3.1 % to 8.6 %. Especially SC-mc
has a very high VVC with 8.6 %. The VVC results are in line with the mechanical
characterization and the visual impression given by the micro CT scans.
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Figure 5.23: Void volume content (VVC) of the different combinations of process and curing
parameters determined via segmentation of the micro CT scans.

Surface scans
Fig. 5.24 shows the surface profiles of representative areas of the different process

and curing parameter samples. As the scans consist of a relative profiles, they do
not allow an absolute comparison. The color scale was aligned individually for each
sample with a central reference plane of the scan area.
For all three curing methods, the surface structures show clear differences. The

AC samples have a resin rich surface with no visible tape or fiber structure, char-
acterized by the perforated foil and breather fabric. The VC samples are similar to
the AC samples with less of the fine-grained structure (cf. also roughness profiles
in appendix Sec. A.5). All SC samples have a different texture with clear visibil-
ity of the tape structure. Tape edges are clearly visible, and a lack of matrix on
the surface can be identified. The mean surface roughness depth was measured as
Rz,AC = 107.1, Rz,V C = 135.2 and Rz,SC = 1147.9 based on DIN EN ISO 25178
[170].
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Figure 5.24: 3D profilometer surface scans of the different combinations of process and curing
parameters.

5.2.3 Conclusion

A set of full-scale AFP experiments was executed to analyze the influence of pro-
cess parameter variations on the mechanical laminate properties. The parameter
variations included a benchmark configuration (bm), a setting with minimum com-
paction (mc) and an optimized compaction (oc) parameter set. For all settings,
three different curing methods were implemented – autoclave (AC), vacuum (VC)
and soft curing (SC). The mechanical characterization was done via tensile, 4-
point-bending and ILSS tests. In addition, the samples were analyzed by micro CT,
optical profilometer and regarding their void volume content (VVC). Comparing
the curing methods, a clear drop in all tests can be seen from autoclave over vacuum
to soft curing, especially for the matrix dominated properties. The ILSS results
are representative for the observed trends and are given as exemplary reference in
this conclusion. Summed up by curing method, VC is lower by 10 % compared to
AC, SC even by 42 % (cf. Fig. 5.21). For the process parameter variations, it was
identified that the differences in mechanical properties are compensated with rising
pressure in the defined cure cycles. The soft cured samples allow a differentiation of
the parameter sets, with the best results for the compaction optimized configura-
tion followed by the benchmark. Samples with minimized compaction setting show
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the worst results. In the ILSS results, this is reflected by a knock-down of 35 % for
SC-oc, 43 % for SC-bm and 50 % for SC-mc in relation to the maximum achieved
value of 113 N/mm2 for AC-oc (cf. Fig. 5.20). For vacuum curing, the differences
are considerably smaller and for autoclave curing they are equated entirely. In
the ILSS results VC-oc dropped by 7 %, VC-bm by 16 % and VC-mc by 9 %. The
variation of all AC samples is below 5 % and within the standard deviation (cf.
Fig. 5.20). Results of micro CT and VVC analysis support this conclusion with
mean void contents of 0.0 % for AC, 1.6 % for VC and 5.2 % for SC (cf. Fig. 5.23).
The study shows that AFP process parameters have an influence on the laminate

quality. This influence can be seen in the soft cured configuration, representing
the laminate quality as deposited but before pressurized curing. For the given set-
up, autoclave curing compensates for these differences. However, it is questionable
whether this is also the case in application scenarios with more complex geomet-
ries and a larger number of layers. In addition, it is conceivable to reduce the
curing effort and possibly even to dispense with an autoclave in the case of higher
deposition quality.
The optimized AFP process parameter set was proven to be superior or at least

equal in the mechanical laminate properties, depending on the curing method. This
shows that for the given set-up, compaction during AFP tape deposition is able to
replace compaction by vacuum debulking.



6 Process efficiency analysis

TS-AFP is a well established process with many applications in aerospace manu-
facturing. For such a process, potential optimizations are only worthwhile if they
increase the overall efficiency. In this chapter, an AFP process model is set up to
assess the impact of process optimizations as defined in the previous chapters.
The chapter contains first the description of the AFP process breakdown and

the according set-up of the AFP process model. Results of the model application
include a process model validation, a process parameter sensitivity analysis, a use
case study and a list of limitations, all summed up in a conclusion. The AFP
process model and first results have been published by Engelhardt et al. [22].
Parts of the results of this section were obtained in the theses of Lörch [171] and
Dsouza [172] under the supervision of the author.

6.1 AFP process breakdown
The set-up of a process model requires the identification of all relevant process
steps along the manufacturing chain including their sub-steps and all interactions
depending on the process scenario [173]. The overall process chain of AFP man-
ufacturing can be summed up in the main steps planning and programming, pro-
duction preparation, AFP processing, curing, finishing and quality inspection (cf.
Sec. 2.1). For the AFP process, all sub-steps and their interactions were identified
and modelled. An excerpt of the flow process chart is shown in Fig. 6.1. Ply lay-
up is followed by visual inspection and rework if necessary. Debulking steps and
maintenance operations interrupt the lay-up process where applicable. Once the
iterative lay-up process is finalized, the tool is demounted and handed over to the
curing process as the next step in the overall process chain. Laying up one ply con-
sists of the additive deposition of several tracks, the linking movement in between
tracks and the machine movement in between its home position and the tool sur-
face (cf. Fig. 6.1, bottom). Another aspect implemented in the tool is the linking
type. Linking is the connection of two consecutive lay-up tracks. When all tracks
are started at the same side and laid-up in the same direction, this is designated
as unidirectional (UD) lay-up direction. The AFP equipment used as reference for

97



98 6.1 AFP process breakdown

this study allows a tilting of the placement roller and thus a bi-directional (BD)
lay-up direction (cf. Sec. 2.1.4. This leads to an alternating lay-up direction from
track to track and considerably shorter linking distances and times (cf. Fig. 6.2).

Figure 6.1: Excerpt of the AFP process model with sub-steps of the AFP process and the ply
lay-up.



6.2 AFP process model 99

Figure 6.2: unidirectional (UD) and bi-directional (BD) lay-up direction and the corresponding
linking movement.

6.2 AFP process model
An AFP process model was set up with the goal to analyze different production
scenarios for their AFP process time. The AFP process was modelled using MAT-
LAB including all sub-steps and interactions as identified in the process breakdown
(cf. Fig. 6.1). Process time is calculated based on the definition of the lay-up and
process parameters. Times of the prior and subsequent process steps can be ad-
ded to the analysis as input values, but are not modeled in detail based on input
variables.
The tool allows input and variation of a variety of parameters (cf. Fig. 6.3).

Laminates can be defined by adding the desired number of plies, their dimensions
and fiber orientation in either 0°, 90° or ± 45° as well as the linking type. The
geometry can be either flat or cylindrical ("barrel"). Geometric complexity can not
be added by a more detailed definition of the geometry, but has to be considered
via a knockdown factor in the lay-up velocity. Varying tape width and number of
tapes allows a configuration of the placement head. AFP process specific variables
include velocities and acceleration rates and distances for lay-up and linking, with
the option to add a first ply reduction. Equipment specific buffer and positioning
times are summed up as AFP programming data. Time for visual inspection after
each ply can be varied, just as the debulking interval and duration. Replacement
intervals and duration of typical wear parts such as cutter blades or IR lamps
are considered and can be varied. For analyses of production scenarios including
the overall process chain, process times for curing, finishing and quality inspection
(QI) can be added together with the number of parts to be produced. Default
values for all parameters were determined by either on-site measurements or based
on experience (cf. Tab. 6.1 and Tab. A.1). The validity of the process model
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was checked by comparing experimental process times with modelling results (cf.
Sec. 6.3.1).

Figure 6.3: GUI of the AFP process model input parameters.
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Table 6.1: Default settings of the main parameters of the AFP process model.

Parameter Unit Default
setting

Tape width [mm] 3.175
No. of tapes per track [-] 8
Lay-up velocity [m/s] 0.5
Lay-up acceleration [m/s2] 0.5
Linking velocity [m/s] 1.0
Linking acceleration [m/s2] 1.5
Buffer time [s] 3
Time to/from home [s] 3
Positioning in z-direction [s] 3
Debulking time [min] 25
Debulking interval [nth ply] 15
Time for visual inspection per ply [s] 30

6.3 Results and discussion

This section contains the data of the model application, starting with a process
model validation by a logic check and a comparison of experimental and modelled
results. A sensitivity analysis shows the influence of the single process parameters
on the AFP process time. In a use case study, the model was applied to dif-
ferent exemplary aerospace production scenarios. The section ends with a list of
limitations for the application of the AFP process model.

6.3.1 Process model validation

The AFP process model was validated with a systematic input variation and logic
check, followed by a comparison of model results to experimental measurements.
Logic integrity of the model was checked by analyzing the AFP process time of a
laminate of 18 plies with different fiber orientations, dimensions, aspect ratios and
linking types (cf. Tab. 6.2). A systematic variation of the properties allowed a
qualitative check for correct set-up relations in the model. Plies 1 to 9 and 10 to
18 are identical except for their linking type.
In Fig. 6.4, the result of the AFP process time for plies 1 to 18 is visualized. The

process time is shown as the sum of out-of-ply time, lay-up time and linking time.
All movements of the lay-up head in contact with the tool surface are counted as
lay-up time. Movement in between tracks is considered as linking time. Out-of-ply
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Table 6.2: Input lay-up definition for a qualitative logic check of the AFP process model.

Ply
no.

Fiber
orient. Length Width Linking

[-] [°] [mm] [mm] [-]
1 0 1000 1000 UD
2 90
3 45
4 0 1000 200
5 90
6 45
7 0 200 1000
8 90
9 45

10-18 -"- -"- -"- BD

time includes all remaining movements between home position and tool surface,
as well as the time for positioning in z-direction. The results show identical times
for out-of-ply and lay-up time for plies 1 to 9 and 10 to 18. Identical process
times for plies 48 and 5 to 7 show the inverse behavior of the lay-up time when
swapping length, width and fiber orientation while keeping aspect ratio and ply
area constant. This means the total process time of a ply of 1000 mm × 200 mm
(length × width) and 0° fiber orientation is equal to the process time of a ply of
200 mm × 1000 mm (length × width) and 90° fiber orientation. A similar effect
can be seen when comparing ply 13 and 17 as well as ply 14 and 16. The 45° plies
3, 6, 9, 12, 15 and 18 have a longer linking time and out-of-ply time than similar
plies with 0° or 90° fiber orientation caused by the additional amount of tracks.
Comparing ply 6 and 9 shows a similar inverse behavior as described above, when
swapping length and width while keeping the ply area constant. This is due to the
fact, that the amount of tracks does not change for 45° plies in this case. These
results suggest a consistent logic of the model output for the basic behavior of the
AFP system. This verifies the mathematical modeling implemented in the tool on
a qualitative level.
A set of experimental measurements was conducted for quantitative validation

of the lay-up time modelling and for analysis of the influence of the aspect ratio
(AR) of a ply. A total of 32 different plies with 5 different areas and a variety of
aspect ratios was deposited and modelled. The results are shown in Fig. 6.5, with
the aspect ratio calculated as AR = width/length. They show a good agreement
of the experimental lay-up times and the modelled results, with an average relative
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Figure 6.4: AFP process time comparison for qualitative logic check of the AFP process model.

deviation of 5.4 %. This suggests a validity of the modelled lay-up times for flat
plate geometries. The analysis of the aspect ratio identifies a clear and systematic
trend of rising lay-up time with increasing aspect ratio, similar to the results shown
in Fig. 6.4. Narrow plies have a small aspect ratio and fewer tracks than wider plies
with bigger aspect ratio. With constant ply area this leads to higher lay-up velocity
as there is more room for acceleration and fewer tracks leading to less linking and
out-of-ply time.
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Figure 6.5: Comparison of experimental and model results for the AFP lay-up time for different
ply areas and aspect ratios.

6.3.2 Process parameter sensitivity analysis

A sensitivity analysis was conducted to analyze the influence of different process
parameters on the AFP process time. The reference laminate defined for this ana-
lysis was a flat plate of 1500mm×1500mm with 24 plies and an equal distribution
of 0°/90°/45° fiber orientation. Parameter settings were varied in a range from
-100 % to +100 in 25 % steps starting from a default value as shown in Tab. 6.3.
All parameter settings are listed in Tab. 6.3 with the base case parameter setting
marked in bold. Debulking interval refers to the number of plies deposited before
a vacuum debulking step is applied. Out-of-ply movement time is varied based on
the total out-of-ply movement time for the base case, including buffer times, time
to and from home position and z-positioning time.
Fig. 6.6 shows the resulting relative deviation of the AFP process time starting

from the base parameter settings. The parameters out-of-ply time, visual inspection
time and debulking time have a linear positive influence on the AFP process time.
Lay-up velocity, debulking interval and number of tapes per track have a negative
non-linear influence.
Out-of-ply-time has a strong influence on the AFP process time. Decreasing it

by 25 % reduces the AFP process time by 5 %. The influence of the debulking time
and time for visual inspection is of similar linear nature, but on a smaller scale.
Varying of the number of tapes per track has a strong non-linear influence, as

it influences the number of tracks per ply and the corresponding out-of-ply and
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Table 6.3: Process parameter variations for the sensitivity analysis.

Parameter Unit Settings
Lay-up velocity [m/s] 0/0.125/0.25/0.375/0.5/0.625/0.75/0.875/1
Time for visual
inspection per ply [s] 0/7.5/15/22.5/30/ 37.5/45/52.5/60

Time for debulking [min] 0/6.25/12.5/18.75/25/31.25/37.5/43.75/50
Debulking interval [nth ply] 0/4/8/11/15/19/23/26/30
No. of tapes per track [-] 0/2/4/6/8/10/12/14/16
Out-of-ply movement
time (total) [s] 0/2,214/4,428/6,642/8,856/11,070/

13,284/15,498/17,712

linking time. A decrease from 8 to 6 tapes increases the process time by 40 %. An
increase of the number of tapes on the other hand has a big potential to minimize
the process time. Tape width has a similar effect, as it increases the track width
and decreases the tracks per ply. A bigger track width has a negative influence on
the geometric flexibility of the AFP system and can’t be increased without careful
consideration of the use case.
Lay-up velocity has a strong non-linear influence on the AFP process time, with

a sharp increase for lower lay-up velocities but only a small decrease of the process
time for higher lay-up velocities converging against 5 % time reduction compared
to the base case.
A variation of the debulking interval shows a non-linear increase of the AFP

process time for decreasing interval, meaning here a decreasing distance of the
single debulking steps and thus more debulking applications. For an increasing
interval, there is only a stepwise decrease of the process time visible for an increase
of the debulking interval by +75 %. The reason for this is the experimental set-up
with a laminate of 24 plies and a base case of debulking application every 15th ply.
An increase of the interval by 25 % to a 19 ply interval or by 50 % to a 23 ply
interval does not have an effect on the number of debulking cycles applied. Only a
75 % increase to a 26 ply interval leads to a reduction to 0 debulking intervals and
has an effect on the AFP process time.
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Figure 6.6: Sensitivity analysis of different process parameters, showing their relative influence
on the AFP process time.

6.3.3 Use case study

The AFP process model was applied to a use case study comparing the AFP pro-
cess time for different process parameters and production scenarios. Five different
use cases were defined, comprised of laminates of different sizes and ply numbers
(cf. Tab. 6.4). The use cases represent low to medium complexity panels with skin
plies and smaller reinforcement plies as generic examples for typical aerospace ap-
plications. Ply sizes range from below 1 m2 to more than 10 m2 and a ply number
of up to 225 plies in total.
Parameter variation was limited to lay-up velocity and debulking interval, as these

two parameters have a main influence on the AFP process time and are affected
by an optimization of the process compaction. Five different parameter sets were
defined (cf. Tab. 6.5). The benchmark represents a typical process setting for
low to medium complexity aerospace panels with a lay-up velocity of 0.75 m/s and
debulking after every 10th ply. Two different “optimized compaction” parameter
sets were defined based on the experimental results in the prior sections. Both
sets have no debulking steps and compensate this by a lower lay-up velocity. The
"optimized compaction 1" parameter set (OC1) is a progressive scenario with a
lay-up velocity of 0.5 m/s. For the "optimized compaction 2" parameter set (OC2),
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Table 6.4: Use case definition.

Use case Size Skin plies Reinforce-
ment plies

Case 1 very small
(<1 m2) 30 x 1 m2 15 x 0.1 m2

Case 2 small
(1-2 m2) 50 x 2 m2 25 x 0.2 m2

Case 3 medium
(2-5 m2) 80 x 5 m2 40 x 0.35 m2

Case 4 large
(5-10 m2) 100 x 10 m2 50 x 1.0 m2

Case 5 very large
(>10 m2) 150 x 15 m2 75 x 1.5 m2

a more conservative configuration with 0.25 m/s was chosen. Two additional sets
at the theoretical upper and lower limit of the processing window were defined
for a general classification of the results. “Minimal compaction” has a very high
lay-up velocity and no debulking, leading to very short process times. “Maximum
compaction” on the other hand includes a very low velocity and debulking after
every 10th ply, leading to very high process times.

Table 6.5: Parameter sets of the use case study.

Parameter set Lay-up velocity Debulking interval
[m/s] [nth ply]

Benchmark 0.75 10
Optimized compaction 1 (OC1) 0.5 -
Optimized compaction 2 (OC2) 0.25 -
Minimal compaction 1 -
Maximum compaction 0.1 10

Fig. 6.7 shows the AFP process time for the five different cases at different lay-up
velocities and debulking intervals. The process time increases from case 1 to 5
with decreasing lay-up velocity and debulking interval. The influence of the lay-
up velocity on the AFP process time is big for low velocities, but decreases for
velocities above 0.5 m/s. This is in accordance with the results of the sensitivity
analysis in Sec. 6.3.2. AFP process time is the sum of lay-up time, out-of-ply
time and debulking time. Their shares of the AFP process time are visualized in
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Fig. A.63 to Fig. A.67 in the appendix. Debulking time increases with the number
of application cycles. Its proportion in the process time decreases with the panel
size from case 1 to 5. While it accounts for the majority of the process time for
case 1 with a debulking interval of 5 plies, it only has a small share for case 5. This
influence of the debulking interval can also be seen in Fig. A.69 in the appendix.

Figure 6.7: Influence of lay-up velocity and debulking interval on the AFP process time.

Fig. 6.8 shows the AFP process time for all different parameter sets. The max-
imum and minimum compaction parameters represent the boundaries of the process
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regarding a theoretical minimum and maximum of the AFP process time. For case
1 and 2 both optimized compaction parameter sets lead to lower AFP production
times compared to the benchmark. From case 3 upwards, the conservative "optim-
ized compaction 2" parameter exceeds the benchmark in AFP process time. The
more progressive “optimized compaction 1" parameter set stays below the bench-
mark all along from case 1 to 5.

Figure 6.8: AFP process time for different parameter sets and use cases.

OC1 leads to a reduction of the AFP process time of 49 %, 37 %, 21 %, 10 % and
4 % respectively for cases 1 to 5. For OC2, the reduction is 42 % and 25 % for case
1 and 2. For cases 3 to 5 it leads to a surplus of 2 %, 23 % and 35 % in the AFP
process time compared to the benchmark.
The sequence from case 1 to 5 does not represent a continuous series of numbers,

which makes the interpretation of intersections difficult. The use cases were con-
verted in two different ways, making a more universal interpretation independent of
the use case definition possible. For a first approximation, the area of all plies was
added to the total area Atotal. The five use cases have a total ply area of 31.5 m2,
105 m2, 414 m2, 1050 m2 and 2362.5 m2 from case 1 to 5. This does not take into
account the number of plies and the area per ply. Therefore, the average area per
ply Aav.p.p. was calculated as

Aav.p.p. = nskin · Askin + nre · Are
nskin + nre

(6.1)
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summing up the area of skin and reinforcement plies and dividing it by the total
number of plies. This value can be used as a rough approximation of the lay-up
effort of a use case. The five use cases have an average area per ply of 0.7 m2,
1.4 m2, 3.45 m2, 7.0 m2 and 10.5 m2 from case 1 to 5.
For both the total lay-up area Atotal and the average area per ply Aav.p.p., a linear

relationship with the AFP process time was found via linear regression. With a
coefficient of determination R2 of >99 % for Atotal and >95 % for Aav.p.p., the fit
can be considered as good enough for an approximation of intersection points (cf.
Fig. A.71 and Fig. A.72).
Fig. 6.9 shows the linear regression graphs for the total lay-up area, Fig. 6.10 for

the average area per ply. The intersection of the benchmark and OC2 parameter
sets is shown separately for reasons of visibility. Benchmark and OC2 intersect at
a total area of 299.1 m2 and an AFP process time of 13.39 hours. For the average
area per ply, the intersection point is at 2.4 m2 per ply, with an AFP process time
of 13.06 hours.
The results show, that even for the conservatively optimized parameter set OC2,

a reduction of the AFP process time compared to the benchmark is possible up to
a certain size. The more progressive parameter set OC1 leads to a reduction for
all investigated use cases.

Figure 6.9: Linear regression of the total lay-up area.
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Figure 6.10: Linear regression of the average lay-up area per ply.

6.3.4 Limitations

The set-up of a process model is a compromise of on the one hand the realistic
replication of the AFP process and on the other hand the feasibility of a tool and
the handling of input and output values with limited complexity. This compromise
leads to inevitable simplifications that have to be considered when analyzing the
results.

• Geometric complexities cannot be entered into the tool based on their geo-
metry, as only flat panels and rotationally symmetric cylinders can be defined.
Geometric complexity has to be taken into account via a knockdown of the
lay-up velocity based on the experience of the user of the tool.

• The velocity is the same for all plies within one analysis run of the tool. Only
the lay-up velocity of the first ply can be adjusted with a knockdown factor
in percent. Local geometric complexities, that would in reality lead to a local
variation of the lay-up velocity, can’t be replicated and have to be considered
in the global lay-up velocity input.

• Both the total lay-up area Atotal and the average area per ply Aav.p.p. are only
rough estimates for the total lay-up effort of a laminate. Atotal does not take
into account the number of plies and the single ply areas. Both factors neglect
the aspect ratio of the plies. For a set of use cases with fix aspect ratio and
a similar ratio of skin and reinforcement plies, the factors can still be used
as an indicator for the total lay-up effort. Aav.p.p. is a theoretical factor that
is valid only within a range of ply numbers similar to the use cases defined
in this study. For Atotal and Aav.p.p. and their respective AFP process time,
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the exact absolute values are considered less important than their order of
magnitude and, above all, the relative comparison of different scenarios.

6.4 Conclusion
An AFP process model was set up based on a process breakdown, including all
relevant sub-steps and their interrelations. It allows calculating the AFP process
time with a systematic variation of process parameters and boundary conditions.
It was applied for a sensitivity analysis and use case studies, assessing the efficiency
of the potential process optimizations developed in the previous chapters.
The model was validated, comparing its results to experimental measurements for

plies of different size and aspect ratio. Here, the systematic relation of increasing
lay-up time with rising aspect ratio was shown. In the sensitivity analysis, it
was identified that apart from tape width, time for visual inspection and out-of-
ply time, the process parameters debulking interval and debulking duration are
promising levers for a process time optimization. Lay-up velocity should not drop
below a certain limit, but optimizing it with great effort by more than 25 % is not
worthwhile for the given set-up.
A use case study was performed with different AFP process parameter sets and

application scenarios, ranging from small to large panels with a maximum of more
than 10 m2 and 200 plies. The parameter sets included a benchmark setting, min-
imum and maximum compaction as well as two optimized compaction settings,
based on the previous chapters. It has been shown that the optimized compaction
settings without vacuum debulking are well competitive with the benchmark setting
including vacuum debulking. For small to medium sized use cases, both proposed
new parameter sets with progressive (OC1) and conservative (OC2) optimization
outperform the benchmark regarding the overall AFP process time. Only for very
big panels, the conservatively optimized set does not lead to a more efficient AFP
process compared to the benchmark. Panels of such this size are not typical AFP
applications anymore, but rather for ATL processing. This shows, that the pro-
posed approach in AFP processing without separate vacuum debulking steps but
with compaction optimized AFP parameters is economically feasible for typical
AFP use cases.
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The aim of this thesis is to characterize the compaction behavior for TS-AFP and
vacuum debulking for a better process understanding and to enable a higher pro-
cess efficiency. To achieve this, experiments with systematic parameter variations
in laboratory and full-scale were done. A set of compaction-optimized process
parameter settings was established and assessed for its efficiency at the example of
aerospace specific use cases.

In Chapter 3: "Vacuum debulking compaction", the compaction during vacuum
debulking was characterized with variation of the process parameters temperature,
fiber orientation and number of plies. An experimental method allowing continuous
thickness measurements was developed. The results show a significant influence of
temperature during vacuum debulking with an increase of the overall compaction
from around 2 % at 30 °C to more than 6 % at 90 °C and more than 9 % at 110 °C
respectively. The majority of the compaction for a 16 ply laminate happens within
the first 300 seconds of vacuum debulking. Longer debulking times seem only
appropriate, when a higher number of plies are to be debulked at once.
Chapter 4: "AFP compaction on laboratory scale" describes the replication and

analysis of AFP compaction on laboratory scale. Cyclic compaction experiments
were implemented on small scale using a rheometer and on medium scale using
a UTM. A numerical simulation model was applied to replicate the cyclic ex-
periments. Temperature and pressure were identified as dominating process para-
meters. The rheometer experiments identified a wide compaction range from less
than 5 % thickness reduction at 25 °C and 0.1 MPa to more than 50 % at 85 °C
and 0.5 MPa. UD samples reach significantly higher compaction than samples with
varying fiber orientation – with up to three times more compaction for UD samples.
Interrelations of the process parameters temperature and pressure with the applic-
ation of vacuum debulking indicate, that one can potentially be compensated by
the other.
Compaction experiments on full-scale level using a TS-AFP machine are presented

in Chapter 5: "AFP compaction on full-scale". Compaction behavior during lay-
up was analyzed with thickness measurements during processing. The influence of

113
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varying compaction parameters and curing methods on the mechanical performance
was characterized. An optimized AFP process parameter set was proposed and
implemented in the characterization. It increases the compaction during AFP
processing with increased pressure and temperature at a lower lay-up velocity.
Separate vacuum debulking steps are not foreseen. It was shown, that AFP process
parameters have an influence on the deposition quality of a laminate. This can be
exemplarily observed in the interlaminar shear strength of the soft cured samples,
that was improved by 15 % compared to the benchmark and by 30 % compared
to the minimal compaction setting. For the given set-up, autoclave curing mostly
compensates for these differences in terms of mechanical performance and void
content. However, it is questionable whether this is also the case in application
scenarios with more complex geometries and a larger number of layers. In addition,
it is conceivable to reduce the curing effort and possibly even to dispense with an
autoclave if a sufficiently high laminate quality is already reached during deposition.
The optimized AFP process parameter set was proven to be superior or – depending
on the curing method – at least equal to the benchmark in mechanical laminate
properties and void content. This shows that for the given set-up, compaction
during AFP tape deposition is able to replace compaction by vacuum debulking.
Chapter 6: "Process efficiency analysis" evaluates the potential of optimized AFP

process parameters regarding the overall process efficiency. An AFP process time
model was developed, validated and applied to a process parameter sensitivity
analysis and a use case study. In the sensitivity analysis, it was identified that
the process parameters debulking interval and debulking duration are promising
levers for a process time optimization. It was shown that the optimized compaction
settings without vacuum debulking are well competitive with the benchmark setting
including vacuum debulking. For small to medium sized use cases, both proposed
new parameter sets with progressive (OC1) and conservative (OC2) optimization
outperform the benchmark regarding the overall AFP process time. With OC1,
the AFP process time can be reduced by 49 % for very small panels (use case 1)
over 21 % for medium panels (use case 3) to 4 % for very large panels (use case 5).
With OC2, a reduction of 42 % and 25 % for use cases 1 and 2 and a similar process
time to the benchmark for use case 3 can be achieved. Only for large to very large
panels, the conservatively optimized set OC2 does not lead to a more efficient AFP
process compared to the benchmark. This shows that the proposed approach in
AFP processing without separate vacuum debulking steps but with compaction
optimized AFP parameters is economically feasible for typical AFP use cases.
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A transfer of the results of this thesis into practice is possible on different levels.
The developed method to continuously measure the thickness of an uncured prepreg
laminate can be applied to other processes for a contactless compaction quantific-
ation (cf. Sec. 3.1). For vacuum debulking of prepreg material, the experimental
results of Chapter 3 can be considered. Debulking of more than 300 s was shown
not to be required for typical use cases. Hot temperature debulking can be very
effective, if additional compaction is required (cf. Sec. 3.2). The developed method
for laboratory scale compaction experiments in a rheometer can be used for effi-
cient parameter studies, allowing especially a relative comparison of e.g. different
materials (cf. Sec. 4.1.1). For production planning and the assessment of new
parameter sets, the AFP process model can be applied (cf. Sec. 6.2). Results of
this thesis provide a quantification of the impact of process parameter variations
and the curing method on the mechanical characteristics of a laminate. It was
shown that the AFP process has a significant influence on the deposition quality.
The results show, for standard aerospace processing according to the data sheet,
the autoclave is forgiving of deposition shortcomings. With the identified influence
of the AFP process on the deposition quality, new possibilities open up with re-
duced curing intensity. This can be vacuum curing only instead of an autoclave
or in a next step even "in situ" consolidation with the according material system
allowing a fast curing. Potential examples are radiation curing and thermally fast
curing material systems in combination with adapted heat sources and compaction
optimized deposition.
In a next step, the studies presented in this thesis can be followed up by extend-

ing the geometric complexity and number of plies of the analyzed laminate. Here,
improper compaction will have an even higher influence and may lead to in and out
of plane fiber distortions that can be avoided by adapted AFP process parameters.
A transfer of the applied principles to other material systems can be evaluated by
comparative experiments. For toughened epoxy prepreg systems, a qualitatively
similar behavior to the presented results is to be expected, but has to be quan-
tified. If vacuum debulking shall be further applied, additional investigations of
high temperature debulking e.g. with the help of external IR radiators can help to
further improve its effect. The applied compaction process simulation model can be
enhanced and further adapted to AFP specific applications. In combination with
the experimental data, it can be extended to an efficient tool to evaluate the com-
paction behavior for individual scenarios. The proposed optimized AFP process
parameter set without separate vacuum debulking can be applied to a practical
use case, allowing an industrial full-scale comparison. The AFP equipment can
be optimized to further increase the compaction potential. Possible approaches
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can be an increased roller diameter where the application allows it, or a separate
compaction roller or even set of rollers trailing the deposition roller. Heat sources
with a bigger impact area and not necessarily higher energy density – for example
via large LED panels – could improve the heat penetration and thus allow im-
proved compaction. The optimization results of this thesis and the outlook for
additional improvements show the high potential of automated CFRP deposition
via the TS-AFP process allowing the efficient manufacturing of high performance
aerospace structures.



A Appendix

A.1 Raw data of the UTM compaction experiments
The graphs below show representative UTM raw data of the experiments in Sec. 4.2
accompanying the result interpretation in Sec. 4.2.2. The graphs are referred to in
Sec. 4.2.2.
time. The outcome of this is a single thickness value at each compaction step and after

compaction.
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Figure 66 : Raw data from UTM and video extensometer

A detail of the load and thickness raw data in the range of the thickness measure time be-

fore the second compaction step is presented on the left side in Figure 67. The small load

peak at around 42.77 s represents the contact point of the compaction plate with the laminate

when 25N are detected by the load cell. After the initial contact, the load evens out to just

above 0MPa. This effect occurs since the contact point load of 25N is at the bottom of the

load cell detectability. During that period the thickness exhibits a decrease of around 6 µm.

This decrease is in the range of the noise of the video extensometer of ±4 µm. Addition-

ally, the mean thickness value of 3.243mm (see Figure 67) before the second compaction

step, computed by the data processing script, seems to represent the average thickness dur-

ing thickness measure time adequately. The thickness determination approach by averaging

over 5 s is therefore considered to be representative. Similar behavior was observed for other

compaction steps and experimental runs.

The load and thickness raw data for the final thickness measurement after the last compaction

step are illustrated on the right side in Figure 67. Similarly to the thickness measurement

before the second compaction step, a pressure peak at 657.3 s is visible during final thickness

measurement that represents the 25N contact point, detected by the load cell. The following

load decline is a result of the detectability limit of the load cell. As the load between 657.3 s
and 662.3 s is above 0MPa it can be assumed that the compaction plates are in contact with

the laminate and thus the thickness measurement is representative. During measurement the

80

Figure A.1: UTM raw data showing a set of 16 compaction cycles and the corresponding thick-
ness data.
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Figure 68 : Detail from load peak and corresponding thickness raw data

paction mechanisms with a compaction roller compared to flat plate compaction was not

performed. Further investigation is required to investigate this difference. Lay-up compaction

implementation at high temperature levels could not be coupled with room temperature de-

bulking as the control mechanism of the heating chamber did not allow for fast temperature

adaption of the testing environment. Possibilities to overcome this limitation could be devel-

oped.

The applied cure cycle provided good laminate quality to prepare polished cross sections for

microscopic analysis. During curing the laminates’ surface should be left unconstrained to

avoid wrinkling of the topmost ply. Placing laminates on a glass plate and covering them with

a vacuum bag — with spacers between glass plate and vacuum bag to avoid any contact of

the bag with the laminates — provided excellent surface quality after curing (see appendix D

for reference).

Analyzing the polished cross sections for the main factor effects showed a trend regarding

void size and distribution. The results have to be handled with care as they only show a

small part of the entire laminate. A qualitative evaluation was possible but optical void content

measurement as well as ply and laminate thickness measurements are assumed to not allow

for a quantitative analysis and representative validity.

Void content analysis using the thickness method [78] yielded good results for the VVC. Den-

sity measurements were critical to air bubbles forming on the specimens surface and edges

82

Figure A.2: UTM raw data showing a representative compaction pressure peak and the corres-
ponding thickness data.

laminate shows a thickness decrease of around 8 µm. An averaged final thickness value of

3.179mm (see Figure 67), generated by the MATLAB algorithm, approximates the discrete

thickness signal sufficiently. The measurement procedure for the final thickness is regarded

to be accurate. Comparable results were recorded for other experimental runs.
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Figure 67 : Detail from load and thickness raw data

Figure 68 shows a detail from the raw data during lay-up compaction. The target values for

pressure and pressure application speed of 0.5MPa and 10 kN/s respectively are reached via

load control of the UTM. No overshooting at maximum pressure is visible. The compaction ap-

plication duration for the present 0.5MPa case lasts for 2.57 s with a pressure peak continuing

for 0.24 s. Consequently, AFP load application durations of less than 0.1 s are not feasible with

the used setup. The assumptions from section 3.3 that lay-up velocity can not be simulated

adequately with the employed testing approach can be confirmed. However, optimization po-

tential is identified as the control parameters of the UTM could be adjusted to further reduce

compaction duration. An offset between pressure application and detected thickness change

as shown in Figure 68 was observed for all experimental runs. The cause for this could not

be addressed.

4.5.3 Lessons Learned

The compaction experiments went according to the expectations and assumed limitations of

the chosen setup did prove to be correct. Compaction experiments with a UTM and a video

extensometer as in-situ thickness measurement device allowed to simulate the AFP lay-up

and additional vacuum bagging process with restrictions. The general AFP compaction char-

acteristics with short compaction applications and longer release time could be implemented.

However, compaction duration exceeded the roller contact time found in actual AFP lay-up.

The differences between simultaneous and sequential compaction were assessed and thicker

laminates for sequentially compacted laminates were observed. An evaluation of the com-
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Figure A.3: UTM raw data showing a representative thickness measurement procedure.
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A.2 Stress-strain curves of the mechanical
characterization

A.2.1 4-point bending tests

Stress-strain graphs of the 4-point bending tests as part of the material character-
ization in Sec. 5.2. The graphs listed below are accompanying the result discussion
in Sec. 5.2.2, emphasizing the linear elastic behavior. The graphs are referred to
in Sec. 5.2.2.

0 1 2 3 4 5 6 7 8 90

2 0 0

4 0 0

6 0 0

8 0 0

1 , 0 0 0

Fo
rce

 [N
]

D i s p l a c e m e n t  [ m m ]

 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 1
 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 2
 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 4
 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 5
 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 6
 A C _ o c _ p 5 0 0 _ v 3 0 _ T 3 1 8 _ D 0 _ 0 d e g _ 7

Figure A.4: Stress-strain curves of the AC-oc 4-point-bending samples in 0°-direction.
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Figure A.5: Stress-strain curves of the AC-bm 4-point-bending samples in 0°-direction.
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Figure A.6: Stress-strain curves of the AC-mc 4-point-bending samples in 0°-direction.
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Figure A.7: Stress-strain curves of the VC-oc 4-point-bending samples in 0°-direction.
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Figure A.8: Stress-strain curves of the VC-bm 4-point-bending samples in 0°-direction.
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Figure A.9: Stress-strain curves of the VC-mc 4-point-bending samples in 0°-direction.
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Figure A.10: Stress-strain curves of the SC-oc 4-point-bending samples in 0°-direction.
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Figure A.11: Stress-strain curves of the SC-bm 4-point-bending samples in 0°-direction.
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Figure A.12: Stress-strain curves of the SC-mc 4-point-bending samples in 0°-direction.
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Figure A.13: Stress-strain curves of the AC-oc 4-point-bending samples in 90°-direction.
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Figure A.14: Stress-strain curves of the AC-bm 4-point-bending samples in 90°-direction.
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Figure A.15: Stress-strain curves of the AC-mc 4-point-bending samples in 90°-direction.
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Figure A.16: Stress-strain curves of the VC-oc 4-point-bending samples in 90°-direction.
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Figure A.17: Stress-strain curves of the VC-bm 4-point-bending samples in 90°-direction.
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Figure A.18: Stress-strain curves of the VC-mc 4-point-bending samples in 90°-direction.
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Figure A.19: Stress-strain curves of the SC-oc 4-point-bending samples in 90°-direction.
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Figure A.20: Stress-strain curves of the SC-bm 4-point-bending samples in 90°-direction.
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Figure A.21: Stress-strain curves of the SC-mc 4-point-bending samples in 90°-direction.
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A.2.2 Interlaminar shear stress tests

Stress-strain graphs of the ILSS tests as part of the material characterization
in Sec. 5.2. The graphs listed below are accompanying the result discussion in
Sec. 5.2.2, emphasizing the linear elastic behavior. The graphs are referred to in
Sec. 5.2.2.
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Figure A.22: Stress-strain curves of the AC-oc ILSS samples.
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Figure A.23: Stress-strain curves of the AC-bm ILSS samples.
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Figure A.24: Stress-strain curves of the AC-mc ILSS samples.
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Figure A.25: Stress-strain curves of the VC-oc ILSS samples.
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Figure A.26: Stress-strain curves of the VC-bm ILSS samples.
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Figure A.27: Stress-strain curves of the VC-mc ILSS samples.
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Figure A.28: Stress-strain curves of the SC-oc ILSS samples.
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Figure A.29: Stress-strain curves of the SC-bm ILSS samples.
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Figure A.30: Stress-strain curves of the SC-mc ILSS samples.
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A.3 Normalized results of the 4-point bending test
The normalized results below accompany the result interpretation in Sec. 5.2. The
graphs are referenced to in Sec. 5.2.2. In general, the FAW can be assumed constant
for the flat prepreg samples for the given processing conditions. The different curing
methods showed different bleeding behaviors. In the autoclave, the high pressure
and temperature led to intense bleeding. With vacuum pressure only, the bleeding
behavior was reduced. During soft curing, the lack of pressure led to almost no
bleeding. Thus, the three different curing methods can lead to a difference in the
FVC. The results were normalized to estimate the influence of this effect, but
showed no significant difference to the non-normalized values and no clear trend
in their difference. This indicates, that the effect of the differing FVC is negligible
for the interpretation of this set of experiments. [160]
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Figure A.31: Normalized bending strength in 0°-direction based on the 4-point bending test.
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Figure A.32: Normalized bending modulus in 0°-direction based on the 4-point bending test.
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Figure A.33: Normalized bending modulus in 90°-direction based on the 4-point bending test.
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A.4 Micrographs and micro CT scans

A.4.1 Micrographs of the UTM compaction experiments

Figure A.34: Micrographs of the UTM compaction study showing different main effects of single
parameter variations.
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A.4.2 Micro CT scans of the mechanical characterization
experiments

Micro CT scans of the samples in Sec. 5.2 were reconstructed to 3D images and
cut in slices with x-, y- and z-direction. The z-slices cut the images perpendicular
to the UD fibers. Fig. 5.22 in Sec. 5.2.2 shows z-slices of all samples and gives an
overview on their homogeneity and porosity. X- and y-slices are listed below.

Figure A.35: Micro CT scans of the AC-oc samples – longitudinal X-slices.
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Figure A.36: Micro CT scans of the AC-oc samples – longitudinal Y-slices.

Figure A.37: Micro CT scans of the AC-oc samples – longitudinal Z-slices.
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Figure A.38: Micro CT scans of the AC-bm samples – longitudinal X-slices.

Figure A.39: Micro CT scans of the AC-bm samples – longitudinal Y-slices.
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Figure A.40: Micro CT scans of the AC-bm samples – longitudinal Z-slices.

Figure A.41: Micro CT scans of the AC-mc samples – longitudinal X-slices.
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Figure A.42: Micro CT scans of the AC-mc samples – longitudinal Y-slices.

Figure A.43: Micro CT scans of the AC-mc samples – longitudinal Z-slices.
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Figure A.44: Micro CT scans of the VC-oc samples – longitudinal X-slices.

Figure A.45: Micro CT scans of the VC-oc samples – longitudinal Y-slices.
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Figure A.46: Micro CT scans of the VC-oc samples – longitudinal Z-slices.

Figure A.47: Micro CT scans of the VC-bm samples – longitudinal X-slices.
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Figure A.48: Micro CT scans of the VC-bm samples – longitudinal Y-slices.

Figure A.49: Micro CT scans of the VC-bm samples – longitudinal Z-slices.
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Figure A.50: Micro CT scans of the VC-mc samples – longitudinal X-slices.

Figure A.51: Micro CT scans of the VC-mc samples – longitudinal Y-slices.
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Figure A.52: Micro CT scans of the VC-mc samples – longitudinal Z-slices.

Figure A.53: Micro CT scans of the SC-oc samples – longitudinal X-slices.
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Figure A.54: Micro CT scans of the SC-oc samples – longitudinal Y-slices.

Figure A.55: Micro CT scans of the SC-oc samples – longitudinal Z-slices.
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Figure A.56: Micro CT scans of the SC-bm samples – longitudinal X-slices.

Figure A.57: Micro CT scans of the SC-bm samples – longitudinal Y-slices.
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Figure A.58: Micro CT scans of the SC-bm samples – longitudinal Z-slices.

Figure A.59: Micro CT scans of the SC-mc samples – longitudinal X-slices.
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Figure A.60: Micro CT scans of the SC-mc samples – longitudinal Y-slices.

Figure A.61: Micro CT scans of the SC-mc samples – longitudinal Z-slices.
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A.5 3D profilometer surface scans

Fig. 5.24 in Sec. 5.2.2 shows the surface profiles of representative areas of the
different process and curing parameter samples. The graphs below show the ac-
companying roughness profiles of the samples.

Figure A.62: 3D profilometer surface scan roughness profiles for all curing and processing para-
meter variations.
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A.6 AFP process model details

Table A.1: Default settings of all parameters of the AFP process model.

Parameter Unit Default
setting

Tape width [mm] 3.175
No. of tapes per track [-] 8
Lay-up velocity [m/s] 0.5
Lay-up acceleration [m/s2] 0.5
Linking velocity [m/s] 1.0
Linking acceleration [m/s2] 1.5
Buffer time [s] 3
Time to/from home [s] 3
Positioning in z-direction [s] 3
Debulking time [min] 25
Debulking interval [nth ply] 15
Time for visual inspection per ply [s] 30
Number of parts [-] 1,000
Curing time per part [h] 6
Parts per curing cycle [-] 6
Finishing time per part [min] 2
Quality inspection per part - testing [min] 10
Quality inspection per part - evaluation [min] 25
Cuts until cutter replacement [-] 3,000
Time for cutter replacement [min] 10
IR lamp lifetime [h] 300
Time for IR lamp replacement [min] 15
Feeding guide roller lifetime [h] 600
Time for feeding guide roller replacement [min] 15
Feeding guide plate lifetime [h] 3520
Time for guide plate replacement [min] 5
Compaction roller lifetime [h] 300
Time for compaction roller replacement [min] 10
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A.7 Process efficiency case study detailed results
The graphs below are accompanying the use case study in chapter 6. They show
the AFP process time for the five different cases at different lay-up velocities and
debulking intervals. They are referred to in Sec. 6.3.3.

Figure A.63: Case 1 (very small panel) - influence of lay-up velocity and debulking interval on
the AFP process time.
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Figure A.64: Case 2 (small panel) - influence of lay-up velocity and debulking interval on the
AFP process time.
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Figure A.65: Case 3 (medium panel) - influence of lay-up velocity and debulking interval on the
AFP process time.
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Figure A.66: Case 4 (large panel) - influence of lay-up velocity and debulking interval on the
AFP process time.
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Figure A.67: Case 5 (very large panel) - influence of lay-up velocity and debulking interval on
the AFP process time.



158 A.7 Process efficiency case study detailed results

Figure A.68: Influence of lay-up velocity and debulking interval on the AFP process time.
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Figure A.69: Influence of debulking interval and lay-up velocity on the AFP process time.
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Figure A.70: Influence of the process parameter sets and different use cases on the AFP process
time.
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Figure A.71: Linear regression over total area.
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Figure A.72: Linear regression over weighted (average) area.
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Prepreg Properties - HexPly® 8552 UD Carbon Prepregs

Physical Properties

Units AS4 IM7
Fibre Density g/cm3 (lb/in3) 1.79 (0.065) 1.77 (0.064)
Filiament count/tow 12K 12K
Resin density g/cm3 (lb/in3) 1.30 (0.047) 1.30 (0.047)
Nominal Cured Ply Thickness
8552 /35%/134

mm (inch) 0.130 (0.0051) 0.131 (0.0052)

Nominal Fibre Volume % 57.42 57.70
Nominal Laminate Density g/cm3 (lb/in3) 1.58 (0.057) 1.57 (0.057)

Mechanical Properties

Test Units
Temp
°C (°F)

Condition AS4 IM7

0°Tensile Strength MPa (ksi)
-55 (-67) Dry 1903 (267) 2572 (373)
25 (77) Dry 2207 (320) 2724 (395)
91 (195) Dry – 2538 (368)*

90°Tensile Strength MPa (ksi)
-55 (-67) Dry – 174 (25.3)
25 (77) Dry 81 (11.7) 64 (9.3)
93 (200) Dry 75 (10.9) 92 (13.3)*

0°Tensile Modulus GPa (msi)
-55 (-67) Dry 134 (19.4) 163 (23.7)
25 (77) Dry 141 (20.5) 164 (23.8)
91 (195) Dry – 163 (23.7)*

90°Tensile 
Modulus

GPa (msi)
– – – –

25 (77) Dry 10 (1.39) 12 (1.7)
93 (200) Dry 8 (1.22) 10 (1.5)*

0°Compression 
Strength

MPa (ksi)
-55 (-67) Dry 1586 (230) –
25 (77) Dry 1531 (222) 1690 (245)
91 (195) Dry 1296 (184) 1483 (215)

0°Compression 
Modulus

GPa (msi)
-55 (-67) Dry 124 (18) –
25 (77) Dry 128 (18.6) 150 (21.7)
91 (195) Dry 122 (17.7) 162 (23.5)

0° ILSS  
(Shortbeam shear)

MPa (ksi)

-55 (-67) Dry 164 (23.8) –

25 (77) Dry 128 (18.5) 137(19.9)
91 (195) Dry 122 (14.7) 94 (13.6)*
25 (77) Wet 117 (16.9) 115 (16.7)

71 (160) Wet 84 (12.2) 80 (11.6)**
91 (195) Wet 78 (11.3) –

In-plane Shear 
Strength

MPa (ksi)
25 (77) Dry 114 (16.6) 120 (17.4)
93 (200) Dry 105 (15.2) 106 (15.4)*

Bold 93ºC (200ºF) 	 Bold* 104ºC (220ºF) 	 Bold** 82ºC (180ºF)

Copyright © 2020 – Hexcel Corporation – All Rights Reserved. 
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Prepreg Properties - HexPly® 8552 Woven Carbon Prepregs (AS4 Fibre)

Physical Properties

Units AGP193-PW AGP 280-5H
Fibre Type – AS4 3K AS4 3K
Fibre density g/cm3 (lb/in3) 1.77 (0.065) 1.77 (0.065)
Weave – Plain 5HS
Mass g/m2 (oz/yd2) 193 (5.69) 286 (8.44)
Weight Ratio, Warp : Fill 50 :50 50 :50
Nominal cured ply thickness
@ 37% resin content

mm (inch) 0.195 (0.0076) 0.289 (0.0114)

Nominal Fibre Volume % 55.29 55.29
Nominal Laminate Density g/cm3 (lb/in3) 1.57 (0.057) 1.57 (0.057)

Mechanical Properties

Test Units Temp°C (°F) Condition AGP193-PW AGP280- 5H

0°Tensile Strength MPa (ksi)
-55 (-67) Dry 766 (111) 828 (120)
25 (77) Dry 828 (120) 876 (127)
91 (195) Dry – 903 (131)

90°Tensile Strength MPa (ksi)
-55 (-67) Dry 710 (103) 752 (109)
25 (77) Dry 793 (115) 800 (116)
93 (200) Dry 759 (110) 772 (112)

0°Tensile Modulus GPa (msi)
-55 (-67) Dry 66 (9.5) 70 (10.2)
25 (77) Dry 68 (9.8) 67 (9.7)
91 (195) Dry – 69 (10)

90°Tensile 
Modulus

GPa (msi)
-55 (-67) Dry 66 (9.6) 67 (9.7)
25 (77) Dry 66 (9.5) 66 (9.5)
93 (200) Dry 68 (9.8) 65 (9.4)

0°Compression 
Strength

MPa (ksi)
-55 (-67) Dry 959 (139) –
25 (77) Dry 883 (128) 924 (134)
91 (195) Dry 759 (110) 752 (109)

0°Compression 
Modulus

GPa (msi)
-55 (-67) Dry 60 (8.7) –
25 (77) Dry 60 (8.7) 64 (9.3)
91 (195) Dry 61 (8.8) 67(9.7)

0° ILSS  
(Shortbeam shear)

MPa (ksi)

-55 (-67) Dry 101 (14.6) –
25 (77) Dry 84 (12.2) 79 (11.4)
91 (195) Dry 70 (10.2) –
-55 (-67) Wet 75 (10.9) 69 (10)
25 (77) Wet 72 (10.4) –
91 (195) Wet 59 (8.5) –

Bold 93ºC (200ºF) Bold* 104ºC (220ºF) Bold** 82ºC (180ºF)

Copyright © 2020 – Hexcel Corporation – All Rights Reserved. 
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Prepreg Properties - HexPly® 8552 Woven Carbon Prepregs (IM7 Fibre)

Physical Properties

Units SPG 196-P SPG 370-8H
Fibre Type – IM7 6K IM7 6K
Fibre density g/cm3 (lb/in3) 1.77 (0.064) 1.77 (0.064)
Weave – Plain 8HS
Mass g/m2 (oz/yd2) 196 (5.78) 374 (11.03)
Weight Ratio, Warp : Fill 50 :50 49 :51
Nominal cured ply thickness
@ 37% resin content

mm (inch) 0.199 (0.0078) 0.380 (0.0150)

Nominal Fibre Volume % 55.57 55.57
Nominal Laminate Density g/cm3 (lb/in3) 1.56 (0.056) 1.56 (0.056)

Mechanical Properties

Test Units Temp°C (°F) Condition SPG 196-PW SPG 370-SH 

0°Tensile Strength MPa (ksi)
-55 (-67) Dry 979 (142) 965 (140)
25 (77) Dry 1090 (158) 1014 (147)
91 (195) Dry – –

90°Tensile Strength MPa (ksi)
-55 (-67) Dry 862 (125) 903 (131)
25 (77) Dry 945 (137) 959 (139)
93 (200) Dry 979 (142)* 879 (130)*

0°Tensile Modulus GPa (msi)
-55 (-67) Dry 85 (12.3) 86 (12.5)
25 (77) Dry 85 (12.3) 86 (12.4)
91 (195) Dry – –

90°Tensile 
Modulus

GPa (msi)
-55 (-67) Dry 80 (11.6) 81 (11.7)
25 (77) Dry 80 (11.6) 81 (11.7)
93 (200) Dry 79 (11.5)* 79 (11.5)*

0° ILSS  
(Shortbeam shear)

MPa (ksi)

-55 (-67) Dry – –
25 (77) Dry 88 (12.7) 90 (13)
91 (195) Dry 69 (10)* 74 (10.8)*
25 (77) Wet 80 (11.6) 83(12.1)
71 (160) Wet 61 (8.8)** 63 (9.1)**

91 (195) Wet – –

Bold 93ºC (200ºF) 	 Bold* 104ºC (220ºF) 	 Bold** 82ºC (180ºF)

Typical Neat Resin Data
Colour					     Yellow
Density 					    1.301 g/cc 		  (0.0470 lb/in3)
Glass Transition Temperature, Tg dry 	 200°C 			   (392°F)
Glass Transistion Temperature, Tg wet 	 154°C 			   (309°F)
Tensile Strength 				   121 MPa 		  (17.5 ksi)
Tensile Modulus 				   4670 MPa 		  (0.677 msi)

HexPly® 8552  
Epoxy matrix (180°C/356°F curing matrix)

Copyright © 2020 – Hexcel Corporation – All Rights Reserved. 
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Curing Conditions
Cure cycle for monolithic components

1.	 Apply full vacuum (1 bar).
2.	 Apply 7 bar gauge autoclave pressure.
3.	 Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure reaches  

approximately 1 bar gauge.
4.	 Heat at 1- 3°C/min (2-8°F/min) to 110°C ± 5°C (230°F ± 9°F)
5.	 Hold at 110°C ± 5°C (230°F ± 9°F) for 60 minutes ± 5 minutes.
6.	 Heat at 1-3°C/min (2-8°F/min) to 180°C ± 5°C (356°F ± 9°F)
7.	 Hold at 180°C ± 5°C (356°F ± 9°F) for 120 minutes ± 5 minutes.
8.	 Cool at 2 - 5°C (4-9°F) per minute
9.	 Vent autoclave pressure when the component reaches 60°C (140°F) or below.

Cure cycle for honeycomb sandwich components
1.	 Apply full vacuum (1 bar).
2.	 Apply 3.2 bar gauge autoclave pressure.
3.	 Reduce the vacuum to a safety value of 0.2 bar when the autoclave pressure reaches  

approximately 1 bar gauge.
4.	 Heat at 1- 3°C/min (2-8°F/min) to 110°C ± 5°C (230°F ± 9°F)
5.	 Hold at 110°C ± 5°C (230°F ± 9°F) for 60 minutes ± 5 minutes.
6.	 Heat at 1-3°C/min (2-8°F/min) to 180°C ± 5°C (356°F ± 9°F)
7.	 Hold at 180°C ± 5°C (356°F ± 9°F) for 120 minutes ± 5 minutes.
8.	 Cool at 2 - 5°C (4-9°F) per minute
9.	 Vent autoclave pressure when the component reaches 60°C (140°F) or below.

Note: For both cure cycles – at each stage, use the temperature shown by the leading thermocouple.

Heat-up rates are dependent on component thickness, eg, slow heat-up rates should be used for thicker 
components and large tools. Accurate temperature measurements of the component should be made during the 
cure cycles by using thermocouples.

Performance testing should accompany alternative cure cycles to ensure suitability for the particular application.

Curing Cycle for Honeycomb and Monolithic Components

180°C
(356°F)

110°C
(230°F)

Autoclave pressure for
monolithic parts

Temperature

7 bar

3.2 bar

Vacuum

-0.2 bar

-1 bar

Autoclave pressure for
honeycomb parts

Temperature

Vacuum

Pressure

Copyright © 2020 – Hexcel Corporation – All Rights Reserved. 
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Storage Life
Tack Life: 	 10 days at RT (23°C/73°F)

Out Life: 	 30 days at RT (23°C/73°F)

Shelf Life: 	 12 months at -18°C(0°F) (maximum, from date of manufacture)

Definitions:
Shelf Life: 	 The maximum storage life for HexPly® prepreg, upon receipt by the customer, when stored  
		  continuously, in a sealed moisture-proof bag, at -18°C(0°F). To accurately establish the exact  
		  expiry date, consult the box label.

Tack Life: 	 The time, at room temperature, during which prepreg retains enough tack for easy component  
		  lay-up.

Out Life: 	 The maximum accumulated time allowed at room temperature between removal from the  
		  freezer and cure.

Precautions for Use
The usual precautions when handling uncured synthetic resins and fine fibrous materials should be observed, 
and a Safety Data Sheet is available for this product. The use of clean disposable inert gloves provides protection 
for the operator and avoids contamination of material and components.

FT
A

-0
72

-M
Y

20

HexPly® 8552  
Epoxy matrix (180°C/356°F curing matrix)

©2020 Hexcel Corporation – All rights reserved. Hexcel Corporation and its subsidiaries (“Hexcel”) believe that the technical data and other information 
provided herein was materially accurate as of the date this document was issued. Hexcel reserves the right to update, revise or modify such technical data and 
information at any time. Any performance values provided are considered representative but do not and should not constitute a substitute for your own testing 
of the suitability of our products for your particular purpose. Hexcel makes no warranty or representation, express or implied, including but not limited to the 
implied warranties of merchantability and fitness for a particular purpose, and disclaims any liability arising out of or related to, the use of or reliance upon any of 
the technical data or information contained in this document. 

For more information
Hexcel is a leading worldwide supplier of composite materials to aerospace and industrial markets.  
Our comprehensive range includes:

 

For U.S. quotes, orders and product information call toll-free 1-800-688-7734. For other worldwide sales office 
telephone numbers and a full address list, please go to: 

https://www.hexcel.com/contact

¥¥ HexTow® carbon fibers
¥¥ HexForce® reinforcements
¥¥ HiMax® multiaxial  
reinforcements

¥¥ HexPly® prepregs
¥¥ HexMC®-i molding compounds

¥¥ HexFlow® RTM resins
¥¥ HexBond™ adhesives
¥¥ HexTool® tooling materials
¥¥ HexWeb® honeycombs
¥¥ Acousti-Cap® sound  
attenuating honeycomb

¥¥ Engineered core
¥¥ Engineered products
¥¥ Polyspeed® laminates  
& pultruded profiles

¥¥ HexAM® additive manufacturing
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