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ABSTRACT

The increasing demand for composite components has driven the development of au-
tomated manufacturing processes. With their short manufacturing cycle time, ther-
moforming technologies appear to be good candidates for high volume production.
Furthermore, they enable the manufacturing of complex parts which cannot be
achieved with other automated techniques, e.g. Automated Fibre Placement machines.
Nevertheless, while forming complex geometries, composite blanks undergo severe
deformations which can lead to the occurrence of defects, such as out-of-plane wrin-
kles and fibre reorientations. To investigate such issues, Finite Element (FE) simula-
tions have demonstrated to be more efficient than trial-by-error approaches.

The goal of this doctoral dissertation is to develop macroscopic FE thermoforming
simulation models able to anticipate the occurrence of the aforementioned defects.
Before being applied in an industrial context, models need to be validated. The relia-
bility of their predictions is assessed by comparing computed outcomes to experi-
mental measurements. In this work, validation is carried out with a generic double-
curved component formed in a laboratory-scale thermoforming process.

To determine proper input parameters for the development of FE thermoforming simu-
lation models, material behaviour is characterised under similar environmental condi-
tions as forming occurs, e.g. temperature. The intrinsic behaviour of a unidirectional
fibre-reinforced polyamide 6 tape and a polyimide separation film are investigated.
Contact properties, such as tool/film, film/ply and interply-slip interactions, are also
investigated. To assess whether the test methods considered for molten thermoplastic
materials are also suitable for the characterisation of non-cured thermoset composite
materials, a non-cured unidirectional thermoset pre-impregnated composite tape is
tested under environmental forming conditions.

Thermoforming process simulation models are subsequently developed using a com-
mercially available software. Input parameters are identified from experimental data
using an inverse method. Validation, which is carried out with three different tailored
blanks, demonstrates the ability of the simulation to properly predict preform geome-
tries and external fibre orientations. Results also show the ability of the simulation to
determine critical areas where out-of-plane wrinkles can potentially occur, although
their exact shapes and amounts cannot be predicted.

Two case studies are conducted with the developed simulation approach. The first one
highlights the importance to model separation films as composite plies, i.e. with shell
elements and a dedicated material model, while the second shows that the transverse
tensile properties of the composite tape only have limited influence on simulation re-
sults.
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KURZFASSUNG

Die steigende Nachfrage nach Bauteilen aus Faserverbundwerkstoffen hat zur Weiter-
entwicklung automatisierter Fertigungsprozesse gefiihrt. Aufgrund der kurzen Zyklus-
zeiten sind Technologien aus dem Bereich der Thermoumformung zur Produktion von
Bauteilen mit groBen Stiickzahlen prédestiniert. Weiterhin ermoglichen sie die Herstel-
lung komplexer Geometrien, die mit anderen automatisierten Fertigungsverfahren wie
beispielsweise dem Automated Fibre Placement nicht realisierbar sind. Die bei kom-
plexen Geometrien auftretenden starken Deformationen der Faserhalbzeuge konnen
jedoch zu Defekten wie Faltenwurf in Dickenrichtung und Anderung der Faserorientie-
rung fithren. Mit Hilfe von Finite Elemente (FE) Methoden konnen diese Defekte effi-
zienter untersucht werden als mit experimentellen Trial-and-Error Methoden.

Das Ziel dieser Dissertation ist es makroskopische FE Modelle zur Simulation von
Thermoumformprozessen zu entwickeln, die die zuvor beschriebenen Defekte abbil-
den konnen. Vor der industriellen Anwendung miissen die Simulationsmodelle vali-
diert werden, wofiir numerische Ergebnisse und experimentelle Messwerte miteinan-
der verglichen werden. Im Rahmen dieser Arbeit wird die Validierung anhand einer
doppelt gekriimmten, generischen Struktur durchgefiihrt, die in einem Thermoum-
formprozess im Labormalstab hergestellt wird.

Zur Bestimmung geeigneter Eingabeparameter fiir die Entwicklung der FE Modelle,
wird das Materialverhalten bei Umgebungsbedingungen, die fiir den Thermoumform-
prozess reprasentativ sind, wie beispielsweise erhohter Temperatur, charakterisiert.
Das Verhalten eines unidirektionalen, faserverstiarkten Polyamid-6 Tapes sowie einer
polyimiden Trennfolie wird experimentell untersucht. Weiterhin werden die Eigen-
schaften der Interaktion Werkzeug/Trennfolie, Trennfolie/Tape und Tape/Tape ermit-
telt. Um die Eignung der Testmethoden, die zur Charakterisierung schmelzfliissiger
thermoplastischer Tapes verwendet werden, fiir unausgehirtete Duroplast-Prepregs zu
bewerten, wird ein entsprechendes unidirektionales Tape unter Umgebungsbedingun-
gen, die dem Thermoumformprozess dhnlich sind, charakterisiert.

Die FE Modelle werden mittels einer kommerziell verfiigbaren Software erstellt. Ba-
sierend auf den experimentellen Messwerten werden die Eingabeparameter anhand
eines inversen Vorgehens identifiziert. Die Validierung wird mit drei unterschiedlichen
Faserhalbzeugen durchgefiihrt. Hierbei kann die Eignung des Simulationsansatzes, die
Preformgeometrien und Oberflichenfaserorientierung zu bestimmen, nachgewiesen
werden. Die Ergebnisse zeigen weiterhin, dass mit der Simulation die kritischen Berei-
che bestimmt werden konnen, in denen Faltenwurf in Dickenrichtung potentiell auftre-
ten kann. Die Haufigkeit und Gestalt dieses Defekts konnen jedoch nicht ndher spezi-
fiziert werden.

Mit dem entwickelten Simulationsansatz werden zwei Fallstudien durchgefiihrt. Die
erste zeigt die Relevanz der eigenstindigen Modellierung der Trennfolie {iber Schalen-
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elemente mit zugehdrigem Materialmodell. Die zweite Fallstudie zeigt im Rahmen
einer Sensitivititsanalyse den geringen Einfluss der Eigenschaften quer zur Faserrich-
tung auf die Simulationsergebnisse.



RESUME

Pour répondre a I’augmentation de la demande, la production de pieces composites
devient de plus en plus automatisée. Grace a leur mise en ceuvre rapide, les procédés
de thermoformage permettent la fabrication de grandes quantités de pieces en un mi-
nimum de temps. De plus, ces procédés sont capables de réaliser des pieces aux géo-
métries complexes qui ne peuvent pas €tre fabriquées a ’aide d’autres méthodes auto-
matisées, e.g. machines utilisées pour la dépose sur moule. Cependant, le procédé de
mise en forme soumet les composites stratifiés a de séveéres déformations qui peuvent
entrainer des défauts tels que des plis ou des réorientations de fibres. Les simulations
par éléments finis ont démontré leur efficacité pour étudier leur survenue.

Cette these a pour but de développer un outil de simulation du thermoformage a
I’échelle macroscopique capable d’anticiper la survenue de ces défauts. Avant d’étre
appliqué en milieu industriel, cet outil doit étre validé. Dans le cadre de cette étude, sa
fiabilité est vérifiée en comparant les résultats numériques aux mesures effectuées sur
une piece générique a double courbure mise en forme par un procédé de thermofor-
mage.

Afin de déterminer les paramétres d’entrée du modele numérique, les comportements
mécaniques d’un renfort unidirectionnel composé de fibres de carbone pré-imprégnées
de résine thermoplastique (polyamide 6) et d’un film en polyimide sont déterminés
dans les conditions environnementales de mise en forme, e.g. température. Les interac-
tions entre moule/film, film/pli et pli/pli sont également testées. Afin de s’assurer que
les méthodes utilisées pour tester les matériaux thermoplastiques au-dessus de leur
point de fusion peuvent ¢galement €tre appliquées aux composites pré-imprégnés a
matrice thermodurcissable, un composite thermodurcissable unidirectionnel composé
de fibres de carbone est caractéris¢ dans les conditions de mise en forme.

Les simulations sont développées a I’aide d’un logiciel commercial. Les parameétres
d’entrée du modele numérique sont identifiés a 1’aide des résultats expérimentaux (mé-
thode inverse). La validation, qui est réalisée sur trois cas-tests différents, montre que
I’outil numérique est capable de prédire la géométrie des picces et I’orientation des
fibres en surface. Les résultats montrent également la capacité de la simulation a pré-
dire les régions dans lesquelles les plis se développent, bien que leurs tailles et formes
ne puissent pas étre précisément prédites.

Les mod¢les numériques développés dans le cadre de cette thése sont enfin appliqués a
deux études. La premiére justifie I’importance de modéliser les films polyimides de la
méme manicre que les plis composites, i.e. avec des éléments coques et un modele
matériau adéquat. La deuxiéme montre que les propriétés de tension transverse du
composite influent peu sur les résultats numériques.
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Nomenclature

Symbol Unit Description

Greek letters

a o Angle which defines the ﬁrst ﬁbre direction with
respect to the reference direction

W o Apgle which defines the secoqd ﬁbre direction
with respect to the reference direction

Ollock ° In-plane shear locking angle

Y /s Intra-ply shear strain rate

YL max /s Maximum longitudinal shear strain rate

YT, max /s Maximum transverse shear strain rate

Y - Intra-ply shear strain

Yo - Shear strain amplitude of y(t)

YL - Longitudinal shear strain

YL,max - Maximum longitudinal shear strain

Ymax % Maximum shear strain (end of LVE region)

v(t) - Time-dependent inta-ply shear deformation

yT - Transverse shear strain

YT, max - Maximum transverse shear strain

) ° orrad Phase lag

At ms Time step

AXL mm Longitudinal displacement at the specimen tip

AXt mm Transverse displacement at the specimen tip

n Pa.s Viscosity

npAM GPa.ms PAM-FORM viscosity
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Symbol Unit Description

Nt Pas Transverse viscosity

0 © Fibre orientation

0 mrad Angle of twist

0o mrad Angle of twist amplitude of 0(t)
0(t) mrad Time-dependent angle of twist
K l/cm Bending curvature

1) - Friction coefficient

Dynamic friction coefficient between film and
Hd,tool -

tool
Static friction coefficient between two 0° molten
Hs,0/0 - . .
thermoplastic plies
Static friction coefficient between 0° and 90°
/ - .
He.0/50 molten thermoplastic plies
Static friction coefficient between two 90° mol-
Hs,90/90 - o
ten thermoplastic plies
Mool - Friction coefficient between film and tool
\Y% - Poisson’s ratio
VUD-CF/PA6 - Composite Poisson’s ratio (vi2)
% - Fibre Poisson’s ratio
Viilm - Separation film Poisson’s ratio
Vm - Matrix Poisson’s ratio
& - Internal damping
p kg/mm’ Density

OB MPa Bending stress in the outer fibre at middle-span
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Symbol Unit Description

Ofric MPa Pressure applied on the carrier

Gij MPa Cauchy stress tensor

Om MPa Hydrostatic stress

Ot MPa Transverse tensile stress

T MPa Transient intra-ply shear stress

10 MPa Shear stress amplitude of t(t)

Thric MPa Inter-ply shear stress (T13)

1(t) MPa Time-dependent intra-ply shear stress
€ /s Out-of-plane bending strain rate

&j 1/s Strain rate tensor

& /s Transverse tensile strain rate

€B - Maximum strain in the outer fibre at mid-span
&t - Transverse tensile strain

® rad/s Angular frequency
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Symbol

Unit

Description

Latin letters

a,b

Eq
E»>

Es

Fave
Fo1
Fo2
Fpm

Fic

mm/min

mm

mm/min

mm

GPa

GPa

GPa

MPa

Curve fitting coefficients

Nominal contact area

Initial cross-section

Longitudinal out-of-plane bending modulus
Transverse out-of-plane bending modulus
Speed of sound

Crosshead speed

Gap thickness

Crosshead displacement

Speed

Displacement

Tensile modulus (Young’s modulus)
Longitudinal tensile modulus
Transverse tensile modulus
Out-of-plane bending modulus
Frequency

Force

Average frictional force
Longitudinal bending factor
Transverse bending factor

Matrix bending factor

Inter-ply shear force or frictional force
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Symbol Unit Description

fi N Simulation value at iteration i

Fn N Normal force

Fs1 - Longitudinal out-of-plane shear factor

Fs2 - Transverse out-of-plane shear factor

Fsm - Matrix out-of-plane shear factor

Fr N Frictional force

G MPa Intra-ply shear modulus

G. MPa Cury§ ﬁtting coefﬁcien.t corresponding to the
equilibrium shear relaxation modulus

Giock MPa Shear modulus after locking

Gr MPa Longitudinal shear relaxation modulus

G’ MPa Complex shear modulus

G’ MPa Shear storage modulus

G" MPa Shear loss modulus

Gy, MPa Longitudinal shear storage modulus

Gr MPa Transverse shear storage modulus

Gy MPa Longitudinal shear loss modulus

Gt MPa Transverse shear loss modulus

H mm Half transverse length of the specimen

ho mm Initial thickness

He I/m Hersey number

LIk Iy mm* Second moments of area

Identity matrix in ij-plane
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Symbol Unit Description

K ) Rati'o of strains along and transverse loading di-
rection

K - Scale factor

K N/m Specimen stiffness

1 mm Element side length

L mm Length in fibre direction

L mm Half longitudinal length of the specimen

Lo mm Initial specimen free length

Ltrame mm Side length of a picture frame test rig

M gf Bending moment per unit width

Mo mN.m Torque amplitude of M(t)

M(t) mN.m Time-dependent torque

n - Number of cycle

N N Normal force

P MPa Pressure

Sij MPa Deviatoric stress in ij-plane

SSres N? Sum of squared errors

t s Time

T °C Temperature

T mm Thickness

Tn ms Time after n cycles

U m/s Speed

A% mm/min Speed

xxii



Symbol Unit Description

Vi % Fibre volume fraction

Vol mm’ Volume of the specimen

w mm Length perpendicular to fibre direction
X,Y,Z - Cartesian coordinate system

X1, X2 - Fibre orientations

Vi N Experimental value at iteration i
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Symbol Unit Description

Mathematical symbols

{P} N Force vector

{u} m/s? Acceleration vector

{u} m Nodal displacement vector
[K] N/m Stiffness matrix

[M] kg Mass matrix
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List of Abbreviations

Abbreviation  Description

1D, 2D, 3D 1-, 2-, 3-Dimensions

AFP Automated fibre placement

ATL Automated tape layer

BL Boundary lubrication

BMC Bulk moulding compound

CATIA Computer aided for three-dimensional interactive application
CF Carbon fibre

CFM Composite fiber modeler

CFRP Carbon fibre-reinforced polymer
CFRTP Carbon fibre-reinforced thermoplastic
CNTAC Contact model or contact card

CO2 Carbon dioxide

00)4 Climate change conference

CPD Composite design

DIC Digital image correlation

DIN German institute for standardization
DMA Dynamic mechanical analysis

DSC Differential scanning calorimeter
(E)HL Elasto-hydrodynamic lubrication

EU European union

FE Finite element

XXV



Abbreviation ~ Description

FEA Finite element analysis

FEM Finite element methods

FRICT Friction coefficient

FSVNL Parameter for non-linear penalty stiffness
GB Gigabyte

HS Harness-satin

IATA International air transport association

[FRM Ideal fibre-reinforced Newtonian fluid model
ISHG Flag for shell elements hourglass prevention
ISINT Flag for shell integration rule

ISO International organization for standardization
KINDA Kinematic damping

LCC Chair of Carbon composites

LVE Linear visco-elastic

MAT Material model or material card

ML Mixed lubrication

MP Megapixel

NCF Non-crimp fabric

PA6 Polyamide 6

PA66 Polyamide 66

PEEK Polyether ether ketone

PEI Polyetherimide

PP Polypropylene
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Abbreviation ~ Description

PPS Polyphenylene sulfide

Prepreg Pre-impregnated reinforcement

RAM Random-access memory

RELAY Rapid efficient layup

RFLAG Flag for Reinforcement architecture type
ROI Region of interest

SEPSTR Separation Stress

SMC Sheet moulding compound

TUM Technical University of Munich

UD Unidirectional

UNFCCC United nations framework convention on climate change
UPM Universal testing machine

XDMP1 Stiffness proportional damping ratio
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1 Introduction

To protect the environment and avoid severe climate modifications, members of the
United Nations Framework Convention on Climate Change (UNFCCC) agreed at the
twenty-first Climate Change Conference (COP 21) held in Paris, France, in December
2015 to reduce their greenhouse emissions at the earliest possible time [1]. In 2010,
transportation represented 14% of global greenhouse gas emissions [2]. According to
the United States Environmental Protection Agency, greenhouse gas emissions from
this sector mainly concern Carbon Dioxide (CO;) produced by air, road, rail and ma-
rine vehicles [3]. In its report published in 2010, the International Transport Forum
reported that global CO> emissions grew by 45% between 1990 and 2007 and “are
expected to continue to grow by approximately 40% from 2007 to 2030 [4]. To regu-
late first and then reduce CO; emissions, governing bodies, e.g. European Union (EU),
and international associations, e.g. International Air Transport Association (IATA),
established middle-term and long-term targets [5, 6]. For example, EU legislation set
for cars a mandatory 40% reduction of their CO; emissions by 2021 [5]. To meet these
new regulations, the transportation industry is currently developing new types of vehi-
cles, which have lower fuel consumptions. [7-9]

Because of their interesting specific mechanical performances, i.e. high mechanical
properties for low densities, composite materials appear to be good candidates to ena-
ble important weight saving and thus, significant fuel consumption reduction. Original-
ly reserved to high performance applications, e.g. military aircrafts, composite compo-
nents are nowadays used in various sectors, e.g. civil aviation, automotive (BMW [10],
Renault, etc.), marine, energy (e.g. wind turbines blades), sport (ski equipment, bicy-
cles, etc.) etc. Composites, which comes from Latin componere, meaning “put togeth-
er”’, are materials composed of at least two different raw materials: the reinforcement,
which carry most of structural loads, and the resin (also called matrix), which, on the
one hand, holds the reinforcement together and, on the other hand, protects it from
environmental conditions. Although different types of composite materials exist, only
those composed of organic resins are considered in this work. [11-13]

Despite their large variety, polymer resins can be classified into two main groups:
thermosets and thermoplastics. While thermosets solidify through an irreversible
chemical reaction referred to as cross-linking or curing, thermoplastics solidify without
chemical reaction. Thermoplastics have thus the particularity to be easily reusable.
Due to the lack of chemical reaction, thermoplastics can be remoulded under the appli-
cation of sufficient heat, i.e. when the polymer is in its softened/molten state. [11]
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Organic composite materials can be reinforced with several different types of fibres,
e.g. carbon, glass, aramid. These can be continuous (endless) or discontinuous (short
or long) and aligned or randomly oriented. Their type as well as their arrangement af-
fect the properties of composite materials and must thus be selected upon require-
ments. [11]

For structural applications, i.e. applications in which the product is dedicated to a load-
bearing role, continuous and aligned fibrous reinforcements made out of carbon fibres
are often favoured because of their advanced mechanical properties. In the scope of
this doctoral dissertation, only continuous and aligned carbon fibre-reinforced polymer
(CFRP) composites are thus further considered. [11]

1.1 Industrial context

Even if thermoset composite materials have always been clearly dominating the com-
posite market, the release of new thermoplastic composite materials have opened new
opportunities [14-17]. Thermoplastic composites have valuable benefits compared to
their thermoset counterparts: they offer superior solvent resistance, increased tough-
ness capabilities and much less restrictive storage conditions. They also have enhanced
recycling abilities and better potential for high-rate manufacturing. Due to their high
resin viscosities and high processing temperatures, continuous thermoplastic compo-
site materials are, however, rather difficult to process. To avoid difficulties, e.g. bad
impregnation, thermoplastic composite components are therefore often manufactured
with pre-impregnated materials (also called prepregs). Prepregs! are already impreg-
nated reinforcements. Their impregnation is performed beforehand by material suppli-
ers using specific machines and techniques, e.g. powder impregnation. As high quality
and high performance semi-finished products, prepregs are expensive materials with
low void content and uniform fibre distribution. [11, 18]

Unidirectional pre-impregnated composites are often processed by means of automated
technologies, such as Automated Fibre Placement (AFP) and Automated Tape Laying
(ATL) devices [11, 13, 19, 20]. These machines can be fed either with thermoset or
thermoplastic tapes which are directly laid onto a mould. The material is often locally
softened by use of a laser or infrared heaters to ease the lay-up process. To prevent air
entrapment between the plies, a compaction roller is used to compact the material. An
exhausting review of the different existing methods is given by Lukaszewicz et al.
[20]. The restriction of these automated equipment lies in their capability to lay tapes
on complex geometries, i.e. highly curved components with short radii. Moon et al.
correlated the occurrence of defects to the smallest steering radius encountered during
the process [21]. [P2]

! Both thermoset and thermoplastic pre-impregnated composites exist. [11]
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AFP/ATL machine Static press Thermoforming unit
Tailored
blank Thermoformed
component
I
Tailored blank preparation |:> Consolidation :> Thermoforming
Fig. 1-1: Preparation, consolidation and thermoforming of tailored blanks (process chain

adapted from [11])

Tailored blanks are first prepared by automated technologies using continuous thermo-
plastic prepreg tapes. They are subsequently consolidated under controlled temperature
and pressure conditions. Preconsolidated tailored blanks are eventually thermoformed un-
der specific temperature and pressure conditions.

To overcome common defects induced by AFP and ATL technologies, e.g. tow buck-
ling and bridging, and to use the main advantage of these machines, i.e. high lay-up
rates, an alternative process has arisen (see Fig. 1-1). Instead of laying tapes directly
onto a mould, tapes are rather laid onto a flat plane and formed in a subsequent step.
Such blanks are called tailored, or customised, since they are composed of several lay-
ers of unidirectional pre-impregnated tapes oriented in different directions [22]. The
usage of tailored blanks for forming purposes already showed good potential for cross-
plied stacks of unidirectional pre-impregnated composites [23-25]. In the case of ther-
moplastics, tailored blanks are subsequently consolidated using a static or a double-
belt press [11, 13]. Consolidated thermoplastic composite blanks are eventually pro-
cessed by means of a thermoforming process [26-28]. The combination of temperature
and pressure enables the material to deform and comply with mould geometry. An
example of a thermoformed component for aerospace applications is presented in Fig.
1-2. [P2]

Fig. 1-2: Thermoformed rib for aerospace application [29]
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In the scope of this doctoral dissertation, a continuous unidirectional carbon fibre-
reinforced thermoplastic (CFRTP) prepreg tape composed of Polyamide 6 (PA6) sup-
plied by Celanese Chemicals Europe GmbH is considered. As a semi-crystalline ther-
moplastic, this composite has the particularity to remain solid until it reaches its melt-
ing temperature. In its molten state, it becomes highly viscous and behaves like a vis-
coelastic liquid [30]. The main material properties are presented in Tab. 1-1. All of
them, except for the melting temperature that was measured using a Differential Scan-
ning Calorimetry system (DSC Q2000, TA Instruments), are taken from material
datasheet [31]. [P2]

Tab. 1-1: Main material properties of a UD-CF/PAG6 tape from Celstran® [31]

Material property Value Unit
Density 1.447 [g.cm™]
Theoretical tape thickness 0.13 [mm]
Theoretical fibre volume fraction 48 [%]
Glass transition temperature 57 [°C]
Melting temperature 219 [°C]

Unidirectional thermoplastic carbon fibre tapes are laid using a FiberForge RELAY
2000 station (see Fig. 1-3). This technology is an ATL process technology in which
tapes are laid onto a two-axis motion table. During the process, ultrasonic spot-welds
are generated to ensure the good stability of the lay-up. This technique enables the
easy and rapid preparation of multi-ply tailored blanks. [P2], [22, 32]

Fig. 1-3: FibreForge RELAY Station equipment and operating system [32]

Tailored blanks prepared by the FibreForge RELAY Station are consolidated using a
mechanical press (see Fig. A-1 and Fig. A-2 in Appendix a) and eventually ther-
moformed under temperature-controlled conditions.
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1.2 Motivation and goals

Because of high manufacturing and raw material costs, e.g. carbon fibre, composite
materials have been experiencing difficulties to broaden their use for industrial appli-
cations [12, 19, 33]. Compared to their thermoset counterparts, thermoplastic compo-
sites offer good potential for high-rate manufacturing and thus, significant cost saving
opportunities. Besides, their inherent properties make them easily recyclable, which is
a considerable benefit in a long term view.

By combining the advantages of several automated manufacturing techniques, i.e.
AFP/ATL machines and a thermoforming unit, the process chain presented in Fig. 1-1
offers good potential for short manufacturing cycles, significant labour time reduction
and increased reproducibility. The consideration of a thermoforming unit also enables
the manufacturing of complex parts which could not be achieved with conventional
techniques, i.e. direct lay-up on moulds. Besides, the implementation of tailored blanks
participates to the reduction of material scrap and thus, enables important cost saving.
[11,22]

However, thermoforming is a complex process during which the material undergo se-
vere deformations and from which defects, such as out-of-plane wrinkles (also called
out-of-plane buckles), can occur [27, 34]. To avoid time and cost intensive trial-by-
error approaches, simulations based on Finite Element (FE) methods have been devel-
oped to investigate and optimise forming processes [35-37]. These enable a better un-
derstanding by providing insights on the interactions existing between different stake-
holders (composites, tooling etc.). Thermoforming simulations therefore aim to antici-
pate ahead of any trials the occurrence of defects, e.g. fibre reorientations and wrinkles
(in-plane and out-of-plane), that could potentially occur during experimental ther-
moforming processes. For quality and performance purposes, the detection of such
defects is particularly important since they alter the shapes and the mechanical proper-
ties of final components. [P2]

Based on the aforementioned motivations, the goals of this doctoral dissertation are:

e To develop, using a commercial software package, macroscopic FE ther-
moforming simulation models able to predict the potential occurrence of de-
fects, such as out-of-plane wrinkles and fibre reorientations.

e To select an appropriate material model which accounts for the specific behav-
iour of thermoplastic materials under environmental forming conditions, i.e.
when they are in their molten/softened state.

e To determine required simulation input by investigating the mechanical behav-
iour of thermoplastic composites under environmental forming conditions. The
development of new test methods might be necessary to ensure proper material
characterisation.
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e To ensure that the test methods used and, if applicable, developed within this
work can also be applied for the characterisation of thermoset prepregs under
their environmental forming conditions. The aim is to assess whether these can
be re-applied for future studies, e.g. development of forming simulations of
thermoset tailored blanks.

e To consider a suitable approach for the modelling of separation films in FE
thermoforming simulation. Such films are used in experimental forming pro-
cesses to ease part removal.

e To validate the simulation approach by comparing virtual and experimental re-
sults. For this purpose, components with generic geometries will be experimen-
tally thermoformed. The validation is to be achieved based on macroscopic ob-
servations, i.e. identification of defects such as out-of-plane wrinkles, scientific
measurements of fibre orientations and final preform geometries.

Once validated, the simulation can be used to support industrial decision making re-
garding the design of new components and the development of new manufacturing
techniques.

1.3 Outline

This doctoral dissertation is composed of seven chapters.

Chapter 1 introduces the context of the work and presents the motivation and goals of
this doctoral dissertation.

Chapter 2 gives a description of two of the most common thermoforming technolo-
gies. This chapter also addresses the fundamental deformation mechanisms occurring
during thermoforming processes, on the one hand, and the typical defects resulting
from such deformations, on the other hand.

Chapter 3 describes the advantages and limits of different approaches for the model-
ling of thermoforming processes. The approach considered within this thesis is pre-
sented at the end of this chapter along with a description of the selected software.

Chapter 4 details material characterisation investigations. Both the unidirectional
thermoplastic composite tape and the separation film considered for thermoforming
experiments are characterised under similar environmental conditions as forming oc-
curs. A non-cured unidirectional pre-impregnated thermoset composite tape is eventu-
ally tested under environmental forming conditions to assess whether the test methods
considered for molten thermoplastic materials are also suitable for the characterisation
of soft thermoset prepregs.

Chapter S presents calibration analyses which aim to identify convenient simulation
input via an inverse engineering approach. Because of particularities inherent to the
constitutive model, experimental results presented in Chapter 4 cannot be directly used
as simulation input.
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Chapter 6 focuses on the validation and application of the developed FE simulation
model. The validation is based on macroscopic observations, comparisons between
measured and computed preform geometries, on the one hand, and measured and com-
puted fibre orientations, on the other hand. Once validated, two case studies are inves-
tigated. The first one assesses two approaches for the modelling of separation films in
FE thermoforming simulations, while the second analyses, via a sensitivity study, the
influence of the transverse tensile properties of the composite tape on simulation out-
comes.

Chapter 7 reviews the work presented in this doctoral dissertation, summarises major
achievements and gives recommendations for future studies.






2 Forming of thermoplastic composite
blanks

Forming corresponds to the manufacturing step during which a flat blank (also called
“sheet”) is shaped into the geometry of the final component [38]. Forming can be per-
formed with dry or pre-impregnated (thermoset and thermoplastic) reinforcements.
Forming of thermoplastic composite blanks occurs under the application of tempera-
ture, to soften polymer matrix, and pressure, to force preconsolidated tailored fibre-
reinforced blanks to conform to mould geometry. As the application of elevated tem-
peratures is essential, forming technologies used to process thermoplastic composite
blanks are often referred to as “thermoforming processes”.

Various types of thermoforming technologies have been developed throughout the
years [11, 28, 39]. In the following, focus is placed on two of the most common meth-
ods used to form thermoplastic composite blanks, i.e. diaphragm forming and hot
stamp forming. Their operational usage as well as their relative merits are detailed.
Other methods, such as bladder-moulding and roll forming, are not presented [39].
When thermoplastic composite blanks are formed, they are subjected to diverse types
of deformations, which can lead to the appearance of defects. Deformation modes and
typical resulting defects are eventually presented.

2.1 Main thermoforming technologies

2.1.1 Double diaphragm forming

The double diaphragm forming process consists of placing a thermoplastic blank be-
tween two flexible silicon membranes (also called diaphragms) and, after having
reached sufficient temperature, form the composite by creating vacuum between the
lower membrane and the mould. While membranes are clamped to a surrounding rigid
tooling frame, the thermoplastic composite blank, which is only held by air evacuation
in-between both membranes, remains free-floating during the whole process. Although
several variants of diaphragm forming exist, only the two main methods are described
hereinafter. The major differences between these two concerns the method used to ap-
ply heat and to form the composite blank. [11]

In the first alternative (see Fig. 2-1), the membrane-composite stack is initially placed
in an oven to heat the thermoplastic polymer matrix beyond its softening point. Once
the desired temperature is reached, the membrane-composite stack is transferred onto a
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rigid tooling. Forming happens when vacuum is created between the lower membrane
and the rigid tooling and/or when pressure is applied on the upper membrane. Consoli-
dation occurs when the blank enters into contact with the tooling, since the mould is
usually unheated. [11]

Tailored Clamping
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Fig. 2-1: Schematic of a double diaphragm forming process (adapted from [11] and [39])
The composite blank is firstly placed between two membranes and heated in an oven. The
membrane-composite stack is subsequently placed onto a rigid tooling. Forming happens
when vacuum is made and/or pressure is applied.

In the second diaphragm forming variant, the membrane-composite stack is placed
within a dedicated tooling and enclosed in an autoclave. With this method, no transfer
is required since the whole process, i.e. heating and forming, occurs inside an auto-
clave. In a first step, the temperature inside the autoclave is raised until the thermo-
plastic polymer matrix softens. In a similar manner as in the first variant, vacuum is
created between the lower membrane and the rigid tooling. Pressure is also applied on
the upper membrane. In this version of diaphragm forming, pressure is managed by an
autoclave, which enables the application of much higher pressures, e.g. up to 7 bars.
After forming, consolidation occurs by decreasing the temperature inside the auto-
clave. [11, 39]

Diaphragm forming techniques appear to be suitable methods to shape thermoplastic
composite blanks to complex geometries. In particular, high quality components can
be produced, i.e. low void content [40]. However, such technologies also demonstrated
to be rather slow because of time consuming mounting/unmounting of membrane-
composite stacks and long heating/cooling cycles. To reduce manufacturing time and
thus, fully benefit from the fast manufacturing potential of thermoplastic composites,
new approaches, such as stamp forming processes, have been developed. [38, 39]

2.1.2 Hot stamp forming

Hot stamp forming is a manufacturing process in which a softened thermoplastic blank
is formed by means of a mechanical press [28, 40, 41]. The usage of a mechanical
press, enables considerable time saving. This manufacturing process appears to be par-
ticularly interesting for high volume production since short cycle time can be achieved.



Forming of thermoplastic composite blanks 11

Hot stamp forming is a derived version of compression moulding forming used to form
flow materials like BMC and SMC. In a similar manner as for all thermoforming pro-
cesses, the blank is firstly heated beyond the softening point of its polymer matrix be-
fore being rapidly transferred (see Fig. 2-2). Forming eventually occurs under the ap-
plication of pressure. Consolidation occurs when the blank enters into contact with the
moulds, since these are usually cooled with fresh water. To ensure proper consolida-
tion, pressure remains applied during the whole cooling down process. [11, 28, 39]

Thermoforming unit
Infra-red heater ——

~—— Male mould (stamp)

Tailored

Transfer Thermoformed

—

Fig. 2-2: Schematic of a hot stamp forming process (adapted from [11])
The thermoplastic blank is heated by means of infra-red heaters beyond the softening
point of the polymer matrix and subsequently rapidly transferred to be thermoformed by
means of a mechanical press.

thermoplastic blank

component

+— Female mould

To minimise transfer time, heating and forming often occur within the same pro-
cessing unit. Called “thermoforming units”, such technologies are composed of heating
and forming areas (see Fig. A-1 in Appendix a) [42]. Heating is often achieved by
means of infra-red heaters. These are located near the mechanical press to minimise
transfer time. The transfer from the heating area to the forming area is managed by a
conveyor belt. Thermoforming units are fully automated technologies with high poten-
tial for industrial applications since they ease the handling of softened thermoplastic
blanks, on the one hand, and enable considerable time saving, on the other hand.

Several different types of hot stamp forming processes exist, e.g. matched metal-die,
rubber-block moulding and hydroforming. The matched metal-die technology is usual-
ly preferred in industrial applications because of its similitude to other compression
moulding techniques, e.g. forming of metallic sheets. In this process, both moulds are
made out of metallic materials. Due to uneven pressure distribution issues, especially
for vertical regions of moulds, rubber-block moulding and hydroforming techniques
have been developed. The rather soft aspect of the rubber block enables a better com-
pliance of the stamp to the geometry of the mould and thus, a better pressure distribu-
tion. In the case of hydroforming, the inflation of a soft membrane under hydraulic
pressure enables close contact between the thermoplastic blank and the female mould.
Rubber-based materials in rubber-block moulding and hydroforming processes have,
however, the main drawback not to be good thermal conductors. This prevents effi-
cient cooling down and thus, does not enable as fast consolidation as matched-metal
die processes. [11, 28, 39]
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2.2 Deformation mechanisms occurring in
thermoforming processes

Because of advanced mould geometries, i.e. double curvatures and short radii, compo-
site blanks are subjected to severe deformations during forming. Despite their com-
plexity, all deformations can be considered as a combination of several basic mecha-
nisms. Depending on the length scale at which investigations are performed, different
deformation mechanisms can be identified [43]. All deformations observed on a mac-
roscopic scale, i.e. blank level, are caused by fibre/matrix reorganisations occurring on
microscopic and mesoscopic scales, i.e. level of fibres and yarns, respectively. In the
case of unidirectional tape, macroscopic and mesoscopic scale can, however, not be
distinguished, since fibres are not gathered in yarns.

To apprehend the differences existing between textile and unidirectional reinforce-
ments as well as between dry and pre-impregnated composites, a general overview of
the deformation mechanisms occurring during forming processes is presented hereinaf-
ter. This comprises:

e Intra-ply shear,

e In-plane tension/compression,

e  Out-of-plane bending,

e  Single ply and multi-ply compaction,

e Interactions, e.g. inter-ply slip and tool-ply friction.

2.2.1 Intra-ply shear

As the main deformation mode governing the behaviour of dry textiles and NCFs, in-
tra-ply shear has been considerably investigated in the field of textile composite form-
ing [36, 44-57]. This mechanism corresponds to the plane deformation of composite
reinforcements subjected to shear loads. For textiles, it consists of the rotations of
yarns at their cross-over points [44].

Typical shear behaviour are presented in Fig. 2-3 for three dry woven fabrics. Alt-
hough all curves depict similar non-linear trends, some show more resistance to de-
formation, e.g. dashed curve (plain weave) compared to plain grey curve (4-HS). This
is to be imputed to the inner structure of the fabrics. Because of the friction existing
between the yarns, reinforcements with more cross-over points, e.g. plain weave, are
more difficult to shear than others, e.g. 4-HS [44].

As depicted in Fig. 2-3, the initiation of shear in textile composites is relatively easy.
However, as shear angles grow, resistance to deformation increases. Because of yarn
contacts and, eventually, yarn compactions, forces required to shear textile reinforce-
ments rapidly increase, e.g. about 55 degrees of shear for the plain weave material.
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The angle at which no further shear deformations can be undergone by the reinforce-
ment is referred to as “locking angle”. Beyond this angle, deformations cannot occur
in-plane anymore, which lead to the occurrence of out-of-plane wrinkles. The identifi-
cation of a “locking angle” must, however, be handled carefully. Research studies in-
deed reported “locking angles” not to be intrinsic material properties but to be influ-
enced by internal stresses such as yarn tensions [49, 50]. [44]
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Fig. 2-3: Intra-ply shear curves of dry plain, 4-HS and 2:2 twill glass fabric reinforcements
(adapted from [37], [44] and [58])

[lustrations of typical rearrangements occurring at the mesoscopic scale during intra-ply
shear of a fabric reinforcement are depicted for three levels of shear.

Left: Initial state; Middle: Shearing, compaction and friction; Left: Compaction limit
(locking angle).

Mechanisms controlling intra-ply shear of textile prepreg composites are similar to
these governing dry reinforcements. The main difference lies, however, in the contact
between the yarns. In the case of dry reinforcements, dry friction occurs, while in tex-
tile prepregs, lubricated friction takes place because of the presence of polymeric resin
[44]. Textile prepregs therefore exhibit temperature- and strain rate-dependent behav-
iour [44, 53-57]. In particular, as temperature increases, shear forces decrease (see Fig.

2-4 left) and as deformation rate, i.e. test speed, increases, shear forces increase (see
Fig. 2-4 right).
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Fig. 2-4: Intra-ply shear curves of a 5-HS carbon/PPS prepreg at different temperatures (left)
and different test speeds at 300°C (right) [53]
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Because fibres of unidirectional composites are oriented in a single direction, the intra-
ply shear mechanisms of such materials are solely different than these described for
fabrics. In literature, two types of intra-ply shear are identified for unidirectional fibre-
reinforced composites: longitudinal and transverse. While longitudinal intra-ply shear
corresponds to the parallel sliding of fibres, transverse intra-ply shear corresponds to
the relative displacement of fibres within a plane orthogonal to the orientation of the
reinforcement (see Fig. 2-5) [34, 59-61]. During draping, longitudinal intra-ply shear
plays a more important role than the transverse one [62].
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Fig. 2-5: Different types of intra-ply shear occurring in a unidirectional reinforcement

The reinforcement is oriented along the x-direction. The y- and z-directions are perpen-
dicular to the x-direction.
Left: Longitudinal intra-ply shear; Right: Transverse intra-ply shear.

Longitudinal intra-ply shear deformations are governed by the viscous behaviour of
the matrix and the fibre-matrix interface [63]. As such, these are sensitive to tempera-
ture and strain rate variations [62]. Because of considerable fibre-fibre contact inter-
faces, unidirectional reinforcements show more resistance to shear than their textile
counterparts [63]. The lack of reinforcement in a second direction seems to enable uni-
directional composites to accommodate intra-ply shear deformations without limit
[60]. However, in practical situations, unidirectional composites cannot withstand
large intra-ply shear deformations because of imperfections within the material, which
initiate the development of transverse strains, i.e. strains perpendicular to fibre direc-
tion. The rapid occurrence of damages like ply tearing, i.e. failure due to excessive
transverse tensile stresses, is eventually promoted by weak matrix and fibre-matrix
interface behaviour [38, 62, 64, 65].

Transverse intra-ply shear, which is relatively similar in trends and magnitudes to lon-
gitudinal intra-ply shear [66], can be introduced relatively easily in unidirectional rein-
forcements [38]. Since this mechanism is mainly induced by out-of-plane deformations
[38, 59, 67], it is further detailed in Chapter 2.2.3.

2.2.2 In-plane tension/compression

In-plane tension and compression consist of introducing tension and compression with-
in a reinforcement, respectively. Deformations along the direction of the fibres is re-
ferred to as longitudinal, whereas they are transverse when they are perpendicular to
fibre direction. Depending whether the material is a textile or a unidirectional rein-
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forcement, longitudinal tension may involve two or one direction(s), respectively.
Transverse tension is only experienced by unidirectional reinforcements, as they are
composed of a single family of fibres.

Longitudinal tension depicts linear and non-rate dependent behaviour. As governed by
the property of the fibres, deformations are characterised by high forces and low strain
values. Longitudinal tension is much stiffer than other deformation mechanisms, such
as intra-ply shear and out-of-plane bending. [36, 44, 68]
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Fig. 2-6: Typical biaxial tensile test results of a fabric reinforcement [44]

As reference is presented the behaviour of a single yarn subjected to longitudinal tension.
The factor k represents the ratio of strains along and transverse loading directions.

The behaviour of fabrics subjected to longitudinal tension differs slightly from this of
unidirectional reinforcements. Because of fibre undulations (also called “crimps”),
yarns show initial non-linear behaviour (see Fig. 2-6). This straightening effect (also
called “de-crimping” of the yarns, see Fig. 2-7) is influenced by the strain states of the
transverse yarns. The higher the transverse strain, the less “slack™ at the beginning of
the tensile response (see Fig. 2-6 and the influence of factor k). Also, the larger the
undulation, the more non-linear the behaviour. [44, 50, 68-70]

Fig. 2-7: Front (top) and cross-sectional (bottom) views of a fabric at rest (left) and subjected
to longitudinal tension (right) [58]
Left: Initial state (with crimps); Right: After longitudinal tension (de-crimping).
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Because fibres are continuous and can transfer stresses all over the blanks, the occur-
rence of longitudinal tension influences the mechanical response of composite rein-
forcements, e.g. intra-ply shear behaviour of fabrics [47, 49, 54].

1

y J_
Fig. 2-8: Transverse tension of a unidirectional fibre-reinforced composite material (adapted
from [58])

The reinforcement is oriented along the x-direction.
Left: Initial state; Right: After deformation.

Transverse in-plane tension of unidirectional prepregs is depicted in Fig. 2-8. This de-
formation mechanism is governed by matrix and fibre-matrix interface behaviour. As
such, it depicts important temperature and strain rate dependencies. This mechanism is
significantly weaker than others, such as intra-ply shear [65].

X

Fig. 2-9: Longitudinal compression of a yarn (adapted from [58])
The reinforcement is oriented along the x-direction.
Left: Initial state; Right: After deformation (yarn buckling).

Longitudinal compression of yarns occurs when longitudinal compressive forces are
introduced into a reinforcement (see Fig. 2-9). Because of their slenderness, fibrous
yarns buckle relatively easily under compressive loads. Transverse compression,
which is the application of compressive forces within a plane orthogonal to the orienta-
tion of the reinforcement, plays an indirect role during forming since it influences oth-
er deformation mechanisms, such as intra-ply shear and biaxial tension of dry fabrics
[71, 72].

2.2.3 Out-of-plane bending

As the main mechanism governing out-of-plane deformations, bending plays an im-
portant role in forming processes. In particular, it enables the material to comply with
complex mould geometries. The out-of-plane bending behaviour of dry reinforcements
is solely different than this of continuous materials, e.g. steel. Because dry reinforce-
ments are composed of fibrous yarns, classical bending theories are not applicable, e.g.
Euler-Bernoulli [73-75]. Bending rigidity can therefore not be derived from in-plane
tensile properties [75]. In fact, bending of dry reinforcements must be considered as a
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multi-scale phenomenon in which macroscopic bending is governed by reorganisations
occurring at microscopic, i.e. fibre sliding and friction, and mesoscopic scales, i.e. in-
ter-yarn friction [36, 74, 76]. Out-of-plane bending is often characterised by moment-
curvature diagrams (see Fig. 2-10) [73, 76, 77]. Experimental investigations reported
bending of dry reinforcements to be anisotropic, non-linear and non-elastic [44, 76].
Because of intra- and inter-yarn sliding and friction, bending rigidities are much weak-
er than in-plane tensile ones [36, 44].

Fig. 2-10:  Typical bending hysteresis of a dry fabric reinforcement (adapted from [76])
Loading/unloading curves presented as the evolution of bending moments per unit width
M over curvatures x.

The bending behaviour of prepreg composites under environmental forming conditions
has not been much investigated. According to Sachs, bending of molten thermoplastic
composites is closely interrelated to intra-ply shear and inter-ply slip (see Fig. 2-11).
Martin et al. and Dykes et al. even considered bending of prepreg composites to be
exclusively controlled by intra-ply shear deformations [78-80]. [43, 64]

= AN AN

Kirchhoff bending Bending with transverse Bending with transverse intra-
intra-ply shear ply shear and inter-ply slip

Fig. 2-11:  Bending of a prepreg composite laminate (adapted from [64] and [66])

Investigations performed by Scherer and Friedrich [38, 67] and Haanappel [66]
showed transverse intra-ply shear to play a significant role in large bending defor-
mations of molten fibre-reinforced thermoplastics. Upon layup arrangement [67] and
blank consolidation quality [66, 81, 82], inter-ply shear can also occur (see Fig. 2-11).
Recent investigations performed on unidirectional and woven fabrics reinforced ther-
moplastic composites in their molten configurations show bending properties to be
non-linear, temperature and rate dependent [P2, K3, 43, 66, 83].
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2.2.4 Single and multi-ply compaction

Compaction corresponds to the transverse, i.e. through-thickness, compression of a
single ply or a multi-ply layup (see Fig. 2-12). This mechanism plays a relatively mi-
nor role during forming but a major one after, since it aims to increase fibre volume
fractions and eliminate voids of prepreg composite components [44]. Although com-
paction of single plies is considered non-linear elastic [84], compaction of multi-ply
fabrics has been reported to behave non-linear non-elastic [85]. Results of compaction
tests are usually presented as the evolution of fibre volume fraction (or thickness) with
respect to compaction pressure [44] (see Fig. 2-13).
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Fig. 2-12:  Compaction of a single dry woven fabric layer [58]

The introduction of compaction pressure within a single dry fabric ply leads to a reor-
ganisation of its internal structure, i.e. yarn crimp flattening [84, 86]. In the early com-
paction, the thickness of the ply rapidly decreases, which, in return, results in a rapid
increase of the fibre volume fraction (see Fig. 2-13). When pressure reaches a certain
level, no further compaction can take place. As a result, thickness and fibre volume
fraction tend to asymptotic values. The compaction of multi-ply fabric reinforcements
i1s mainly due to the nesting of the plies [84]. This mechanism, which is characterised
by the intimate contact between adjacent layers, further influences the permeability of
the laminate and the mechanical performance of the final component. Research anal-

yses showed nesting to become more significant as the number of plies increases (see
Fig. 2-13). [44, 84, 86, 87]
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Fig. 2-13:  Typical compaction curves of a plain woven fabric [44]

The evolution of fibre volume fraction with respect to compaction pressure is presented
for stacks composed of three layers (3L), six layers (6L) and twelve layers (12L). Because
of nesting, layups with more plies reach higher fibre volume fractions.



Forming of thermoplastic composite blanks 19

Because of the presence of polymeric resin, prepreg composites exhibit temperature
and rate dependencies under compaction [44]. When pressure is introduced, defor-
mations are initially dominated by viscous effects induced by resin flows. As compac-
tion pressure is increased, deformations become, however, dominated by the stiffness
of the elastic fibre bed. In a similar manner as for dry reinforcements, when no further
compaction can occur, thickness and fibre volume fraction eventually reach asymptotic
values. Despite the application of high pressures, which aim to reduce the content of
voids in the final components, most of thermoplastic and thermoset prepreg compo-
sites show limited thickness reductions (< 20%). [44, 88]

2.2.5 Tool/ply and ply/ply interactions

Interactions are related to all types of contacts occurring in forming processes. Two
types of interactions are usually distinguished: tool-ply, which corresponds to the in-
teractions between a tool and a ply, and inter-ply, which corresponds to interactions
between plies (see Fig. 2-14). Both types of interactions play an important role during
forming since they govern the transfer of loads. [44]

S,

I
L ——

Fig. 2-14:  Relative rotational and translational motion between plies [58]

Behaviour of interactions are driven by contact properties and thus, friction. Friction is
characterised as the force resisting to the motion of two objects in contact. Two types
of friction have to be distinguished: static and kinetic (also called “dynamic” and
“steady-state”). While static friction is characterised by the force to overcome to initi-
ate motion, kinetic friction corresponds to the resistive force acting during the motion
of an object with respect to another. [37, 43, 89, 90]

Tool/ply and ply/ply interactions involving dry reinforcements and/or solid tool mate-
rial, e.g. steel, are dependent on reinforcement arrangements, e.g. fibre orientation, but
not on temperature and relative motion speed. A slight dependency with respect to
normal load is, however, noticed. As pressure is applied, the surface of the dry textile
flattens leading to a slight reduction of the friction coefficient. Despite this minor de-
pendency, interactions of dry reinforcements are often described using Coulomb theo-
ry which assumes friction to be independent from relative motion speed. Coulomb fric-
tion coefficient u is considered to be directly proportional to the ratio between the fric-
tional force Fr and the normal load N: [43, 44, 91]

u="1 1)
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Because of polymeric resin, interactions involving prepreg composites exhibit viscous
behaviour. In the case of textile prepreg composites, several researchers reported inter-
actions to be influenced by temperature, normal pressure and relative motion speed.
Consequently, friction coefficients are usually presented as a function of the Hersey
number He, which is related to temperature 7, via viscosity 7, relative contact speed U
and normal pressure P. Such curves are referred to as Stribeck curves in literature (see
Fig. 2-15). [37, 43, 44, 92-94]

n(Mu 2-2)

He(T,v,P) = P

Stribeck curves are divided into three parts (see Fig. 2-15): boundary lubrication (BL),
mixed lubrication (ML) and elasto-hydrodynamic lubrication ((E)HL). Whether fric-
tion behaves as BL, ML or (E)HL depends on the thickness of the inter-layer resin
film. Tool/ply and ply/ply interactions involving textile prepreg composites usually
occur within the elasto-hydrodynamic lubrication part. In most cases, full hydrody-
namic lubrication is even considered because of the presence of resin-rich inter-layer
films. [43, 92-94]

(E)HL

log 5~

Fig. 2-15:  Typical evolution of a Stribeck curve [92]
Evolution of friction coefficients x with respect to the logarithm of the Hersey number.
Three parts are to be distinguished: boundary lubrication (BL), mixed lubrication (ML)
and elasto-hydrodynamic lubrication ((E)HL).

The mechanisms governing tool/ply and ply/ply interactions of unidirectional prepreg
composites appear to be more complex to investigate because of thinner resin film
thicknesses [43]. Early experimental analyses reported such interactions to behave like
textile prepreg composites and thus, show temperature, relative motion speed and
normal pressure dependencies [82]. However, in a recent study, Sachs reported unidi-
rectional thermoplastic composites to exhibit pressure independent contact properties
at low sliding speeds when in contact with steel foils [43].



Forming of thermoplastic composite blanks 21

Although interactions involving textile and unidirectional prepreg composites are dom-
inated by hydrodynamic friction [43], a certain amount of Coulomb friction can also
occur. This is particularly the case when fibres enter into contact with solid material,
e.g. steel tool [82, 90]. Besides, tool/ply and ply/ply interactions can also be influenced
by the intra-ply shear of the layers. This phenomenon seems, however, to be layup
dependent [67].

2.3 Typical defects induced by thermoforming
processes

The occurrence of defects in thermoforming processes is due to a combination of sev-
eral different aspects which can be related to either manufacturing processes, e.g.
mould geometry, temperature and forming speed, or composite blanks, e.g. cut-out
geometry and material type/stacking sequence.

Out-of-plane and in-plane wrinkles are the most common encountered defects (see Fig.
2-16 and Fig. 2-17) [37, 95-98]. These are particularly critical because they alter the
mechanical performance of final components [37]. Besides, out-of-plane wrinkles, also
referred to as out-of-plane buckles, affect the shape of the components [99]. The onset
of out-of-plane wrinkles is complex and has been studied by several researchers. For a
given material, experimental studies reported that, amongst other factors, stress condi-
tions induced by manufacturing boundary conditions, forming speeds, original blank
dimensions and strain gradients play a role in their development (see Fig. 2-16) [27,
41, 82, 99-102]. Boisse et al. also showed the appearance of out-of-plane wrinkles to
be a global phenomenon depending on process conditions, e.g. blank-holder pressure,
and all types of strains and rigidities of the composite material [97]. [P2]

Out-of-plane wrinkles

Fig. 2-16:  Influence of blank size on forming results (adapted from [27])
Forming of a glass-fibre fabric reinforced PEI composite laminate.
Left: Original blank size (78 mm); Right: Larger blank size (120 mm).
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Besides out-of-plane and in-plane wrinkles, thickness variations due to uneven pres-
sure distribution can also occur. Hou and Friedrich reported thickness variations of
+12% and -8% for the hot stamp forming of a hemisphere with a glass-fibre woven
fabric reinforced thermoplastic (PEI) composite [41]. The localised high pressure at
the apex of the hemisphere led fibres and molten resin to flow away. As a conse-
quence, while the section at the apex is the thinnest, the accumulation of resin and fi-
bres results in a thickness increase in adjacent areas. Thickness variations are, howev-
er, more important for unidirectional than textile thermoplastic composites because of
the ease with which transverse flow can occur [27]. Besides altering the mechanical
properties of the final component, thickness variations can also eventually induce part
distortions, e.g. spring-in/spring-back effects [103].

Fig. 2-17:  Photomicrograph of in-plane fibre waviness in a UD-CFRTP component [104]

Because of low resin viscosity and high pressure, matrix migration can also be ob-
served in bend specimens when resin is squeezed into the outer area (see Fig. 2-18).
Friedrich et al. explains this phenomenon as a lack of time for the inter-ply slip defor-
mation mechanism to occur [27].

Fibre

Resin

Fig. 2-18:  Matrix migration observed at bend angle section of a CF/PP laminate (adapted from

[27])
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The manifold of parameters to take into account is a challenge in the manufacturing of
defect-free components. To avoid time and cost expensive experimental test cam-
paigns, simulation methods are often preferred to trial-by-error approaches. Chapter 3
presents several simulation approaches applied to the prediction of defects induced by

thermoforming processes.






3 Thermoforming simulation

Thermoforming simulations consist on the numerical investigation of thermoforming
processes, e.g. diaphragm forming and hot stamp forming. Such methods are used to
assist the development of component design, i.e. geometry, and optimisation of pro-
cess parameters, e.g. temperature. Their predictive capabilities offer cost and time ef-
fective solutions to identify the potential occurrence of defects, e.g. in-plane and out-
of-plane wrinkles (see Chapter 2). Simulation results are thus used in the early stage of
development, when no experimental trial have been performed, to support decision
making, and initiate, if applicable, appropriate modifications.

Depending on the requested level of details and computational power available, differ-
ent simulation approaches have been developed. These can be divided into mapping
and mechanical methods. Both types of approaches are thoroughly described in their
respective sections. Based on their advantages and disadvantages, on the one hand, and
on the requirements of the project from which this doctoral dissertation is funded, on
the other hand, the approach selected in the scope of this research study is eventually
presented.

3.1 Mapping methods

Mapping methods consider the composite blank as a rectangular network of nodes,
also referred to as “mesh” (see Fig. 3-1). The goal of mapping algorithms is to deter-
mine the coordinates of each node when the mesh is fitted onto the surface of a pre-
forming tool in order to predict resulting fibre orientations. As long as surfaces can be
mathematically discretised, no restriction on the geometry applies. Although several
mapping methods exist, e.g. kinematic and energy models, all are based on the same
assumptions that the initial mesh (i) is composed of perpendicular and inextensible
fibres and (ii) can only undergo shear deformations [105]. Any other deformation
mechanisms, e.g. friction or out-of-plane bending, are not taken into account. [S4, 34,
106]

Although many researchers published variants of the original kinematic model pre-
sented by Mack and Taylor [107], all algorithms are based on the same principle.
These assume the mesh to be rectangular and act like a pin-jointed medium. In kine-
matic models, mapping starts from an initial point and two fibre directions. When the
mesh is draped onto a surface, nodal coordinates are determined such that the distance
between adjacent nodes does not vary (no fibre extension): nodes are thus determined
by creating quadrilateral cells (see Fig. 3-1). [S4, 34, 106]

25
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X2

X4

Fig. 3-1: Mapping of a composite blank onto a generic double-curved surface [34]
The reinforcement is oriented along the X;- and X,-directions.
Left: Initial state; Right: Partially mapped onto a surface, node (2, 2) is next to be mapped.

In 1991, Van der Weeén developed a mapping model based on elastic energy minimi-
sation. Instead of determining nodal coordinates using geometrical approaches, like for
kinematic models, mesh cells were mapped by considering the minimum energy re-
quired to extend fibres. In 2002, Long et al. published an enhanced energy method
based on the minimisation of shear strain energy. The approach considers a conven-
tional kinematic model within an iterative algorithm. Results showed good potential to
predict changes in fibre orientations while accounting for material particularities, i.e.
fibre architecture. [S4, 34, 105, 106, 108]

Final fibre orientations and shear angles, i.e. angles between fibre directions, are the
main output of mapping models. Although defects cannot be predicted as such, their
locations can be assumed by analysing the final shear angles distribution. For example,
locations where shear angles are larger than a certain user-defined value, i.e. locking
angle, can be interpreted as areas prone to the development of out-of-plane wrinkles.
Another output of mapping models concerns the identification of optimum blank ge-
ometry, i.e. cut-out. This feature is particularly interesting since it enables the reduc-
tion of material scrap in forming processes. Last but not least, output of mapping mod-
els can be transferred into other types of simulation. Information regarding the final
shear angles distribution can be particularly interesting for flow simulations, for exam-
ple, since intra-ply shear angles alter preform permeability [108]. [109]

Several companies commercialise mapping software, e.g. Dassault Systeémes Simulia
(CATIA CPD/CFM), ESI Group (PAM-Quikform) and MSC.Patran (Laminate Mod-
eler). Each of them enables the selection of different mapping strategies, i.e. propaga-
tion methods, and algorithms. For example, MSC.Patran offers the possibility to use
either a kinematic or a minimum energy method. [106, 109]

Mapping algorithms are easy-to-use and rapid simulation methods (within a few sec-
onds). Although several methods were developed over the years, Van der Weeén
showed energy ones to be the most efficient in terms of computational cost [105].
However, their initial assumption (all deformations are governed by pure intra-ply
shear) restrains their application. Because mapping methods do not account for any
material properties and process parameters, these are not suited for the modelling of
multi-ply layups and pre-impregnated materials. In fact, the validity of mapping mod-
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els seems to be limited to hand layup processes of dry balanced single-ply plain weave
reinforcements over convex tooling. The accurate prediction of defects, e.g. in-plane
and out-of-plane wrinkles, requires advanced simulation tools such as Finite Element
methods. [35, 106, 109]

3.2 Mechanical methods

Finite Element Methods (FEM) are numerical approaches able to approximate solu-
tions of partial differential equations issued from scientific applications. The main
principle of FEM is to divide the domain of study into several subdomains, i.e. finite
elements, find simple polynomial solutions for each subdomain and, eventually, as-
semble them to describe the behaviour of the global system. [110]

Since 1990s, several mechanical approaches based on FEM have been developed to
simulate composite forming processes [106]. Unlike mapping methods, FEM enable
complete mechanical analyses by taking process boundary conditions, e.g. tempera-
ture, and material behaviour, e.g. interactions, into account.

Finite Element Analyses (FEA) can be performed at different length scales: macro-
scopic, mesoscopic and microscopic (see Fig. 3-2). Macroscopic investigations consid-
er composite layers as continuum media. As discrete approaches, mesoscopic and mi-
croscopic analyses consist of the modelling of yarns and fibres, respectively. The type
of discretisation is selected based on the objectives of the study, in particular on a
trade-off between level of detail and computational time [111].

Macroscopic scale Mesoscopic scale Microscopic scale

Fig. 3-2: Macroscopic, mesoscopic and microscopic representation of a balanced plain weave
fabric (figures of the mesoscopic scale [112] and the microscopic scale [113])
At the macroscopic scale, the reinforcement is considered as a continuum: no detail about
internal material structure is considered. At the mesoscopic scale, the yarn architecture of
the reinforcement is taken into account, but fibres, which compose the yarns, are not mod-
elled. At the microscopic scale, all details are considered.

In the following, an overview of different approaches based on FE-methods applied to
the simulation of thermoforming processes is presented. Further details, especially in
terms of constitutive equations, can be found in the literature [35, 36, 106, 111, 114].
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3.2.1 Macroscopic Finite Element approaches

Rogers [61] was amongst the first to publish constitutive relations governing the be-
haviour of molten unidirectional thermoplastic composite materials during forming.
His approach was derived from studies performed by Spencer in 1984 [115]. Rogers
assumed the material to behave like an incompressible, linear viscous fluid reinforced
with one or two family of inextensible, stiff and collimated fibres. These are assumed
to lay in-plane and to be continuously distributed. This model, referred to as “Ideal
Fibre-Reinforced Newtonian fluid Model” (IFRM), was implemented by O Bradaigh
et al. in a 2D implicit FE program called FEFORM. Simulations were performed for a
unidirectional fibre-reinforced composite under specific plane strain and stress condi-
tions. To prevent element locking issues [116, 117], which occur when element edges
are not aligned along fibre directions, a mixed penalty finite element system was con-
sidered [118]. [66, 119, 120]

O Bradaigh et al. assessed the validity of this numerical model by comparing simula-
tion results to experimental data. Punch experiments were performed with circular
eight layers blanks composed of unidirectional CF/PEEK prepreg composite plies
(APC-2). To reproduce single diaphragm process conditions, experiments were carried
out with a membrane on top of the composite stack. For validation purposes, a polar
grid pattern was printed on the blanks prior to forming. Simulation results using ve-
locity boundary conditions were in good agreement with experimental measurements,
especially along fibre direction. This demonstrated the ability of the simulation tool to
predict blank deformations. Discrepancies for displacements in transverse direction
were assumed to be due, amongst other assumptions, to incorrect simulation input
and/or to the fact that the diaphragm was not accounted for in the numerical analysis.
Comparisons held between numerical stress distributions and the appearance of out-of-
plane wrinkles showed encouraging results, since areas with high stress concentrations
corresponded to some extent to the locations where instabilities were experimentally
observed. In further investigations, the authors suggested, based on experimental evi-
dence, to govern inter-ply shear by a lubricated friction law applied to frictional con-
tact elements, i.e. elements placed in-between adjacent plies. The IFRM was also ap-
plied by McGuinnes and O Bradaigh to analyse picture-frame test results of cross-plied
molten fibre-reinforced thermoplastic composite materials [60]. [119]

The model initially proposed by Rogers was further extended by Johnson [121],
McGuinness and O Bradaigh [122], Spencer [123] and Harrison et al. [124] for fabric-
reinforced blanks.

In 1995, Pickett et al. developed a 3D explicit FE approach able to simulate ther-
moforming processes [125]. This solution, which was developed as the composite var-
iant of the metal stamping code PAM-STAMP, is nowadays commercialised by ESI
Group as PAM-FORM [35]. In order to account for both intra- and inter-ply shear
mechanisms, composites plies were modelled by shell elements. These were said to be
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“bi-phase” as the material law included linear elastic and viscous models representing
fibres and matrix, respectively. As a macroscopic approach, each layer of the compo-
site stack was modelled by a layer of shell elements. Inter-ply mechanisms were man-
aged by imposed sliding constraints with viscous-dependent penalty friction law. In the
numerical model, all stakeholders were modelled (punch, die, plies) and all process
parameters taken into account. Results for the punch forming of a single ply of
CF/PEEK material (APC-2) showed numerical results to be consistent with experi-
mental observations [125]. Later, de Luca et al. investigated the forming behaviour of
stacks composed of 20 layers of unidirectional CF/PEEK (APC-2), on the one hand,
and eight layers of CF/PEI (CETEX) woven fabric, on the other hand, over a double-
dome preforming tool [126]. The authors investigated the influence of forming speed,
stacking sequence, clamping system and blank holders on the occurrence of out-of-
plane wrinkles. In all cases, simulation results were in good agreement with experi-
mental observations. Since then, ESI Group released several versions of PAM-FORM.
The software is nowadays used by several industrial companies in either a standalone
software, i.e. PAM-FORM 2G, or a graphical interface, i.e. Visual-FORM. In the
scope of a doctoral dissertation, Visual-FORM was recently applied at the Chair of
Carbon Composites of the Technical University of Munich for the forming simulation
of thick AFP laminates [127, 128].

ABAQUS, which is supplied by Dassault Systemes Simulia, offers lots of flexibility
for the simulation of thermoforming processes. For example, to model the behaviour of
composite plies, the user can either consider a standard, already implemented, material
model or develop his own model by implementing a customised constitutive law.

The standard material model, called FABRIC, has been developed to depict the behav-
iour of pre-impregnated woven fabrics during forming. As its name is referring to,
FABRIC considers two distinct reinforcement directions, whose mechanical responses
are assumed to be independent from each other. This anisotropic and non-linear mate-
rial model requires the characterisation of in-plane tensile/compression properties for
both fibre directions as well as intra-ply shear properties. Depending on material be-
haviour, different loading/unloading paths can be specified and strain-rate and/or tem-
perature dependencies taken into account. This material model can only be applied to
membranes and shell elements and used in dynamic explicit computations. [129]

In order to account for specific material behaviour, several researchers developed their
own constitutive law. These can be implemented and integrated to ABAQUS via user
subroutines. For example, Dong et al. implemented an updated material model based
on an anisotropic elastic behaviour [130]. Based on the homogenisation approach pub-
lished by Hsiao and Kikuchi [131], simulation models were also implemented by Peng
and Cao [132] and Yu et al. [133]. The homogenisation technique aims to take into
account the microstructure of the composite, e.g. fibre volume fraction, in the determi-
nation of macroscopic properties. Typically, this principle determines properties at
large scales based on calculations performed on smaller scales [124].
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Non-orthogonal methods were also implemented in ABAQUS. Xue et al. [134] and
Harrison et al. [135] proposed models in which input parameters were determined by
fitting experimental results. To overcome scattering issues caused by material charac-
terisation, Harrison et al. developed a virtual testing tool able to depict, via a multi-
scale energy approach, the intra-ply shear behaviour of fibre-reinforced textile thermo-
plastic composite materials [124]. In a subsequent study, Harrison et al. used this vir-
tual testing approach to feed FE simulations [135]. In particular, the authors coupled it
to a “stress power model” and applied it to the forming simulation of cross-plied ther-
moplastic laminates [25]. Blanks were meshed with “mixed” elements composed of
membranes and trusses. The “stress power model” was applied to membrane elements.
Although encouraging results such as the prediction of intra-ply shear angle distribu-
tions were reported, the simulation was not able to simulate out-of-plane wrinkles be-
cause of the membrane type of elements.

ABAQUS supplies several friction models for isotropic interactions. They can be
based on a Coulomb law or exhibit speed, pressure and temperature dependencies.
Regarding anisotropic interactions, ABAQUS/Explicit does not have any built-in mod-
el. However, anisotropic friction models can be developed and implemented into cus-
tomised subroutines [136].

Researchers from LaMCoS published so-called hyperelastic and hypoelastic approach-
es for the 3D simulation of forming processes. While the former is derived from poten-
tial energy, the latter relates an objective derivative of the Cauchy stress tensor to
strain rate and constitutive tensors [35, 111, 137, 138]. Both approaches were imple-
mented in ABAQUS/Explicit and validated with a dry unbalanced twill material (hy-
perelastic) and a commingled glass/polypropylene plain weave (hypoelastic) [139].
The hyperelastic approach was further extended to 3D-interlock reinforcements [140]
and, more recently, to thermoplastic prepreg composite materials [141, 142]. Guzman-
Maldonado et al. proposed a viscous-hyperelastic approach which assumes all mechan-
ical properties to be uncoupled. Only intra-ply shear properties are considered viscoe-
lastic. The model was implemented in PlasFib, which is a commercial software devel-
oped at LaMCos. Results showed the approach to be able, using explicit dynamic
computations, to depict proper non-linear viscoelastic behaviour of a five layers layup
composite material composed of 8-HS glass/PA66 thermoplastic prepreg fabrics [141].
In a further study, this model was coupled to thermal computations to account for tem-
perature variations during forming processes. Thermoforming simulations of an auto-
motive component demonstrated the predictive capabilities of the tool [142].

Ten Thije et al. developed an innovative approach based on an updated Lagrangian
FEM [143]. The application of their simulation model to materials of arbitrary degrees
of anisotropy and deformations demonstrated to be robust and efficient. In a subse-
quent study, ten Thije and Akkerman developed a multi-layer triangular membrane
element for the simulation of composite forming processes [144]. They showed the
new element type to be able to predict the level at which out-of-plane wrinkles occurs.
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However, due to the lack of bending stiffness in membrane elements, simulation re-
sults could not well predict the actual appearance of wrinkles. In a further release of
the software, Haanappel et al. modelled the composite plies with an enhanced version
of the multi-layer triangular element proposed by ten Thije and Akkerman [63, 66].
Each ply was represented by a layer of 2.5D three-node triangular elements consisting
of a membrane element and a Discrete Kirchhoff Triangle (DKT). While in-plane
properties, e.g. intra-ply shear, were managed by the membrane element, out-of-plane
bending behaviour was described by the DKT. Forming simulations of a generic aero-
space component with quasi-isotropic laminates composed of unidirectional UD-
CF/PEEK plies, on the one hand, and woven 8-HS/PPS plies, on the other hand, led to
satisfactory results. In particular, the intra-ply shear distribution proved to be in good
agreement with experimental observations.

While in-plane properties, e.g. intra-ply shear, were managed by the membrane ele-
ment, out-of-plane bending behaviour was described by the DKT. Forming simulations
of a generic aerospace component with quasi-isotropic laminates composed of UD-
CF/PEEK plies, on the one hand, and 8-HS/PPS plies, on the other hand, led to satis-
factory results. In particular, the numerical intra-ply shear distribution proved to be in
good agreement with experimental observations.

These studies, amongst others, contributed to the development of the AniForm simula-
tion tool. Since 2014, this commercial software is available as AniForm Suite, which
comprises a graphical interface for pre- and post-processing (AniForm PrePost) as well
as an implicit FE solver dedicated to the 3D simulation of composite forming process-
es (AniForm Core). Ever since, the software is increasingly used by academics [59,
145] and undergoes adoption in automotive and aerospace industries.

The AniForm simulation tool offers the possibility to combine different constitutive
laws and friction types to model specific material and interaction behaviour, respec-
tively [146]. For example, Larberg and Akermo [24, 59] used a reinforced Kelvin-
Voigt formulation model to depict intra-ply shear rigidity and a linear elastic model to
represent in-plane tension. Regarding contacts, a combination of penalty Coulomb
friction, viscous friction and adhesion was applied. The possibility for the user to com-
bine different constitutive models, or friction types, enable the accurate modelling of
complex behaviour. The investigations performed by Larberg and Akermo showed the
ability of the software to predict intra-ply shear deformations of multi-ply layups com-
posed of unidirectional thermoset prepreg composites when no fibre slippage occurs.
In a recent study, Sjolander et al. used a similar formulation as Larberg and Akermo,
with the exception that they include out-of-plane bending deformations in their anal-
yses [145]. Out-of-plane bending was modelled by an orthotropic elastic model in or-
der to account for different rigidities along and transverse to the fibre directions. The
simulation of the forming process over a generic aerospace tool enabled the investiga-
tion of wrinkles development within multi-layer layups composed of unidirectional
prepreg composites.



32 Thermoforming simulation

3.2.2 Mesoscopic Finite Element approaches

A major concern of mesoscopic simulations, i.e. analyses performed at the scale of
yarns, lies in the selection of the type of finite elements. A compromise must be made
between the level of detail and the computational cost. Depending on the application,
woven and NCF reinforcements were discretised by 1D, 2D or 3D elements or a com-
bination of these [139, 147, 148].

Mesoscopic simulations performed on elementary cells, i.e. representative parts of ma-
terial internal structure, aim to investigate inter-yarn behaviour under different loading
conditions, i.e. intra-ply shear, and determine corresponding mechanical and, for dry
material, permeability properties. [35, 36, 111]

The development of mesoscopic simulation models requires the determination of spe-
cific properties, such as yarn/yarn friction. Yarn geometry and weave architecture must
also be accurately characterised. The numerical representation of the internal material
structure can be either generated from dedicated software, e.g. TexGen, or built from
X-ray micro-computed tomography [111]. Most of constitutive laws have been imple-
mented in ABAQUS [149] and LS-DYNA [147]. An application in PAM-CRASH
[148] is also to be reported.

Cherouat and Billoét presented a mesoscopic model dedicated to the simulation of
thermoset prepreg woven fabrics [149]. Their model accounted for both non-linear
elastic fibre behaviour and viscoelastic matrix behaviour via a so-called “bi-
component” element composed of two orthogonal trusses and a membrane element.
The simulation model was validated by several bias-extension tests and deep-drawing
experiments. The latter tests were performed for glass and carbon fibre fabric prepreg
composites. Simulation results showed to be in good agreement with experimental
observations, e.g. out-of-plane wrinkles.

3.2.3 Semi-discrete Finite Element approach

The semi-discrete Finite Element approach is an intermediate approach between mac-
roscopic and mesoscopic methods and is dedicated to the simulation of textile compo-
sites. The model, which assumes no yarn slippage, is based on the principle of virtual
work. For this approach, Hamila and Boisse introduced an innovative 3-node shell
element composed of a set of unit cells. The approach requires the determination of in-
plane tensile, intra-ply shear and out-of-plane bending rigidities. Based on experi-
mental data, these are calibrated via virtual tests performed at the mesoscale. The con-
stitutive model considers mechanical properties uncoupled and do not impose fibres to
be aligned with element side lengths. The semi-discrete approach is nowadays com-
mercially available via the FE software PlasFib. [35, 36, 150]
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Semi-discrete simulations of molten fibre-reinforced thermoplastic materials have been
performed over the last years [53, 151]. For example, Wang et al. simulated the punch
forming of a multi-layer layup composed of 5-HS/PEEK prepreg composites [151].
Temperature-dependent material parameters were taken into account. Tool/ply and
ply/ply interactions were managed by a viscous friction law. Results showed the ability
of the simulation to predict temperature distributions within the composite stack and
locations where out-of-plane wrinkles occur.

3.2.4 Microscopic Finite Element approach

Microscopic simulations are developed at the scale of the fibres [113, 152]. Although
this type of simulations can supplied important information about fibre rearrange-
ments, especially under the combination of loads, these are rarely used because of their
computational cost, on the one hand, and the difficulty to determine proper input pa-
rameters, e.g. characterisation of fibre/fibre contact behaviour.

Durville developed a microscopic model for plain weaves [113]. Based on an en-
hanced 3D beam formulation, the model showed to be able to consider planar cross-
section variations. Computations were conducted with an implicit algorithm including
three embedded loops accounting for non-linearities. Simulation output demonstrated
the stability of the model and its ability to account for large deformations.

To the author’s best knowledge, no full scale microscopic FE simulations of neither
dry nor prepreg composite materials has been performed. Because of their computa-
tional cost, these are rather restrained to parts of reinforcements [111].

3.3 Selected approach

3.3.1 Motivation and goals

The approach considered for the simulation of thermoforming processes in the scope
of this doctoral dissertation is selected based on the requirements set by the project
funding this work, on the one hand, and the strategy of the Chair of Carbon Compo-
sites of the Technical University of Munich, on the other hand. Requirements are listed
as follows:

e Development of 3D FE macroscopic simulation models,

e Selection of a commercially available software with dedicated support,

e Constitutive laws suitable for the modelling of molten unidirectional fibre-
reinforced thermoplastic composite material must be “built-in” models,

e Pre- and post-processing must be accessible via graphical interfaces.

Because of their ability to account for all aspects of thermoforming processes, e.g. me-
chanical behaviour of materials, temperatures, pressures, etc., FE methods are pre-
ferred to kinematic ones.
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The selection of macroscopic approaches is favoured over mesoscopic and microscop-
ic ones because this work aims to simulate the complete thermoforming process of
tailored thermoplastic composite blanks in order to predict the occurrence of potential
defects, e.g. out-of-plane wrinkles. Continuum methods are found to be better candi-
dates since they can be applied to large models and deliver, with regard to the objec-
tives of this work, sufficient level of detail at reasonable computational effort.

Given that the results of this work aim to be implemented in an industrial environment,
a commercial tool with suitable “built-in” material models and available support has to
be considered. Three software correspond to the aforementioned requirements:

e ABAQUS (Dassault Systémes Simulia),
¢ AniForm simulation tool (AniForm Engineering),
e PAM-FORM (ESI Group).

The software ABAQUS cannot be selected because its “built-in” material model
FABRIC is only suited for fabric-reinforced thermoplastic composite materials. Be-
cause of their different deformation mechanisms, e.g. intra-ply shear, material model
dedicated to fabric materials cannot be applied to unidirectional ones.

When this work started in 2013, AniForm simulation tool only consisted of a solver,
1.e. AniForm Core. As graphical pre- and post-processing interfaces (AniForm Pre-
Post) were not released at that time, the software was not eligible for this work.

The software selected in the scope of this work is PAM-FORM. The visual-based ver-
sion Visual-FORM was favoured over the stand alone version PAM-FORM 2G be-
cause, ultimately, all ESI software will be transferred into this environment [153]. Be-
sides, the Visual-Environment enables rapid and efficient data transfer for subsequent
simulations [154]. Last but not least, one of the main advantages of Visual-FORM
over PAM-FORM 2G is that the input file sent to the solver is an ASCII file, which
can be edited by text editors, e.g. Notepad ++. Modifications are thus more efficient
since the model does not have to be loaded into Visual-FORM. Simulation results pre-
sented in this doctoral dissertation are computed with solvers v.2012.0 and v.2013.0.

3.3.2 Software description

Most of the content of this section, including text and figures, is based on [P3].

The constitutive model of PAM-FORM dedicated to fibre-reinforced materials is com-
posed of a thermo-visco-elastic matrix and elastic fibres. This material model, referred
to as MAT 140, can only be applied to four-node shell elements. The constitutive law
consists of three elements in parallel (see Fig. 3-3):

e A stabilising elastic “parent sheet”,
e A thermo-visco-elastic matrix component,
e Linear elastic springs.
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The “parent sheet” behaves like an elastic material model dependent on the longitudi-
nal shear modulus G and the Poisson’s ratio v. The “parent sheet” is also used to stabi-
lise the behaviour of shell elements. The shear modulus can be defined either by a con-
stant or a user-defined curve. For bidirectional materials, a locking angle aick and a
shear modulus to be considered once the locking angle has been reached G,k can be
selected. [155]

To avoid spurious stresses due to tensile and intra-ply shear behaviour coupling, the
parent sheet was uncoupled from tensile properties.

The matrix is considered as a thermo-visco-elastic component. It is represented by a
Maxwell element, i.e. a spring and a dashpot in series. The behaviour of this compo-
nent is controlled by the largest tensile modulus (£, or E>) and the viscosity #. Viscosi-
ty can be modelled as either a constant value or a Cross equation or a power-law equa-
tion. [155]

Linear springs £; and E> are the last component of MAT 140. These aim to depict ma-
terial tensile behaviour. In the case of bidirectional reinforcements, £; and E> corre-
spond to the mechanical behaviour of both family of fibres. For unidirectional fibre-
reinforced materials, E; represent the contribution of the fibres, while E> corresponds
to the transverse behaviour. Each tensile modulus property can be defined either by a
constant value or a user-defined curve. [155]
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Fig. 3-3: “Bi-phase” material model for fibre-reinforced materials (adapted from [155])
The material model MAT 140 is composed of a stabilising parent sheet, a thermo-visco-
elastic matrix and linear elastic springs representing the fibres.

To ease bending calibration and avoid coupling effects, longitudinal and transverse
out-of-plane bending properties (B; and B:) have been uncoupled from their respective
tensile behaviour (£; and E>). However, since out-of-plane bending properties are not
coupled to the Maxwell element, these can only depict linear elastic behaviour. Bend-
ing properties cannot be defined by user-defined curves. Therefore, each bending
property is defined by a constant value, referred to as bending modulus. [155]
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In this simulation model, material viscous behaviour is managed by the viscosity 7,
which is a particularity of PAM-FORM. Other software, e.g. AniForm simulation tool,
account for material viscous behaviour via input data, i.e. stress-strain, entered for dif-
ferent strain rates. In MAT 140, given that data can be entered for a single test speed
only, i.e. strain rate, material viscous behaviour is managed via the consideration of a
parameter representing composite viscosity.

The user has the possibility, via a; and a2, to select the original orientation of the first
and second directions, respectively. In the scope of this work, a; was, as a convention,
set to 0° since it corresponds to the orientation of the reinforcement. Since the second
direction remains perpendicular to fibre orientations, a> was set to 90°. [155]

To account for specific behaviour of unidirectional and bidirectional composite mate-
rials, MAT 140 offers the possibility, via the parameter RFLAG, to specify whether the
material model is unidirectional or bidirectional. As detailed in Chapter 2.2, both mate-
rials have different deformation mechanisms, especially in terms of intra-ply shear.
Intra-ply shear of unidirectional materials can be seen as an inter-fibre sliding behav-
iour while this of bidirectional materials is related to a scissoring effect [109]. In the
scope of this work, the unidirectional approach is considered, i.e. RFLAG=0. [156]

In PAM-FORM several other types of material models exist. For example, constitutive
laws such as MAT 100 and MAT 101 can be selected for the modelling of isotropic
materials, e.g. tooling. The only mechanical properties required for their implementa-
tion is a tensile modulus, a Poisson’s ratio and a density. [157]

Different types of integration rules can be selected for shell elements [156]. These can
be selected under ISINT and are summarised as follows:

e Belytschko-Tsay: uniform under integration rule (one integration point),

e Fully integrated Belytschko-Tsay (or Hughes-Tezduyar): full integration rule
(four integration points), about 2.5 times more computational intensive than the
default Belytschko-Tsay rule,

e Belytschko-Wong-Chiang: uniform under integration with anti-warping term
rule (one integration point),

e Fully integrated Belytschko-Wong-Chiang: full integration with anti-warping
term rule (four integration points), about 3.5 to 4 times more computational in-
tensive than the default Belytschko-Wong-Chiang rule.

In the scope of this work, computations are performed with the default Belytschko-
Tsay integration rule. Other options, such as hourglass prevention /SHG and internal
damping ¢, can also be selected [156].
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Interactions between shell elements in thermoforming simulations are controlled by
“contact cards” [157]. These are master-slave relations governed, for example, by:

e A symmetric node-to-segment with edge treatment algorithm,

e A non-symmetric node-to-segment with edge treatment algorithm,
e A self-impacting node-to-segment with edge treatment algorithm,
e A node-to-segment with smooth contact surface algorithm.

To each of these algorithms, several different types of contact models can be applied.
Most of them, such as a Coulomb friction law or friction with pressure and/or velocity
dependencies, are unfortunately restricted to isotropic contacts. Even user-defined con-
tact models are restricted to isotropic contacts. For anisotropic contacts, PAM-FORM
suggests two orthotropic Coulomb friction laws. While the first one enables the defini-
tions of arbitrary directions, the second one considers the element side lengths as first
and second directions. Since fibre orientations are initially oriented along element edg-
es, the latter model is considered in the scope of this work. Interactions in PAM-
FORM can only be modelled via constant friction parameters FRICT. For orthotropic
contacts, one friction parameter per direction can be selected. [157]

A new version of PAM-FORM was released in 2015. Because this doctoral disserta-
tion started in 2013, this version is not considered in this work. The new material card
MAT 140 is a complete revision of the former model. In particular, all mechanical
properties can now be selected in look-up tables. These are multi-curve editors which
enable tensile, out-of-plane bending and intra-ply shear properties, i.e. E;, E2, Bi, B>
and G, to be dependent on multiple parameters, such as strain rate for £;, £> and G and
curvatures for B;, B2. Besides, to account for temperature variations in non-isothermal
process simulations, all mechanical properties entered in look-up tables can be entered
with temperature dependencies. As another noticeable effect, tensile and intra-ply
shear behaviour have been totally uncoupled. Since the concept of “parent sheet” no
longer exists, the Poisson’s ratio was deleted from the material model. [158]






4 Material characterisation

Material characterisation refers to the investigation of material behaviour and aim, in
the field of FE modelling, to determine input for constitutive models. Given that simu-
lation quality is mainly governed by the accuracy of the input parameters [66, 97],
such investigations are essential in the development of FE models.

Material characterisation for FE thermoforming simulation is a twofold challenge: on
the one hand, no test standard exists and, on the other hand, tests have to be conducted,
to the best extent possible, under similar environmental conditions as forming occurs.
In the present case, robust test methods able to characterise thermoplastic composites
in their molten states have therefore to be developed.

Because of simulation considerations, both the unidirectional thermoplastic composite
tape and the separation film considered for thermoforming experiments are character-
ised under environmental forming conditions. Investigations, which comprise the de-
velopment of new test methods and the determination of material behaviour, are pre-
sented in the first and second parts of this chapter, respectively. The third section is
dedicated to the characterisation of several contact properties. These are also conduct-
ed, to the best extent possible, under similar environmental conditions as forming oc-
curs. To assess whether the test methods considered for molten thermoplastic materials
are applicable to the characterisation of non-cured thermoset prepregs, a unidirectional
thermoset composite tape is subsequently characterised under environmental forming
conditions. Discussions about material characterisation test results and the presented
test methods are finally held.

4.1 Characterisation of a unidirectional
thermoplastic composite material

Based on material model requirements (see Chapter 3.3.2), intra-ply shear, longitudinal
and transverse out-of-plane bending, longitudinal and transverse tensile and viscosity
properties have to be characterised. Because MAT 140 does not account for in-plane
compression and compaction, these deformation modes are not investigated. Charac-
terisation analyses are conducted under forming temperature, i.e. 280°C (see Chapter
6.1.1), with the UD-CF/PA6 material presented in Tab. 1-1. Given that manufacturing
processes are conducted at prescribed test speeds, experiments should also be conduct-
ed at constant test speeds. For simulation purposes, experimental results are thus ex-
pected as stress-strain curves for different test speeds, i.e. strain rates.

39
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Most of the content of this part, including text and figures, is based on the final report
supplied to one of the funding bodies of this work [159].

4.1.1 Intra-ply shear

Although unidirectional composite materials have two different intra-ply shear defor-
mation modes (see Chapter 2.2.1), upon the requirements of the constitutive model
(see Chapter 3.3.2), only longitudinal intra-ply shear behaviour is investigated.

4.1.1.1 Literature review

An exhaustive review of the state-of the-art test methods applied to the characterisation
of longitudinal intra-ply shear behaviour of unidirectional composite materials has
been recently proposed by Haanappel and Akkerman [62, 66]. Hormann subsequently
completed it by adding Haanappel and Akkerman test method [160].
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Fig. 4-1: Schematic of state-of the-art test methods for longitudinal intra-ply shear characteri-
sation (adapted from [62] and [160])
(a) and (b): Rotational parallel platens test method; (c): Picture-frame test setup, (d): Off-
axis tension test setup; (e): Torsion bar test method.

In the 1990s, Groves presented different approaches to characterise intra-ply shear
deformations of molten fibre-reinforced thermoplastic composites using a rotational
rheometer. Specimens were positioned between two parallel platens and tested by
means of torsion. In a first study [161], the platens were fully covered by either a uni-
directional or a cross-plied laminate (see Fig. 4-1 a). Experimental results showed both
arrangements to behave similarly. Subsequently, instead of covering whole platens,
balanced pair of off-axis specimens were used to account for material anisotropy (see
Fig. 4-1 b) [162]. With this configuration, Groves was able to investigate both longitu-
dinal and transverse intra-ply shear behaviour based on the theory of Rogers [61]. Re-
sults, which were analysed using dynamic Maxwell parameters, highlighted the trans-
verse Maxwell viscosity to be slightly higher than the longitudinal one for two differ-
ent fibre-reinforced thermoplastic systems [162].
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McGuiness and O Bradaigh developed a picture-frame test setup (see Fig. 4-1 ¢) [60].
This test apparatus, also referred to as “rhombus-shear”, is composed of four rigid bars
used to clamp the specimen. While top and bottom points are connected to a universal
testing machine, left and right ones can rotate within the plane of deformations. Based
on this principle, when the top connection is pulled upwards, the initially square spec-
imen deforms into a diamond shape. Experiments were performed with unidirectional
CF/PEEK (APC-2) specimens. Because of material failure near attachment locations,
tests had to be eventually carried out with unidirectional CF/PEEK (APC-2) specimens
enclosed between two polymeric membranes. The influence of the membranes made,
however, proper characterisation difficult. Further studies using cross-plied specimens
held between diaphragms were also conducted. Although encouraging results were
obtained, cross-plied specimens did not allow the derivation of convenient data for
single plies. Under similar conditions of shear strain and shear rates, cross-plied re-
sponses were about 25% larger than corresponding unidirectional experiments. This
difference was assumed to be caused by some inter-ply movement.

Haanappel and Akkerman also reported picture-frame tests of unidirectional CF/PEEK
specimens [62]. Specimens showed to be subjected to fibre tensioning because of
small misalignments, which resulted in ply splitting. Similar observations were made
from off-axis tests referred to as bias-extension tests (see Fig. 4-1 d). Because of low
specimen integrity, strain localisation and fibre buckling occurred. Bias-extension tests
performed on either single ply or cross-plied non-cured thermoset prepreg materials
delivered, however, satisfactory results [65, 163, 164].

More recently, Haanappel and Akkerman proposed a new test method to characterise
longitudinal intra-ply shear properties of unidirectional fibre-reinforced thermoplastic
composite materials (see Fig. 4-1 e) [62, 66]. This test method, referred to as “torsion
bar test method”, consists on twisting a prismatic bar of rectangular cross-section.
Specimens are clamped at room temperature in a rotational rheometer and tested dy-
namically under environmental forming conditions. Besides the presentation of a new
test method, Haanappel and Akkerman also proposed a procedure for post-processing
analyses. The authors applied a finite difference scheme introduced by Schwarzl et al.
[165] and Schwarzl [166] to approximate the longitudinal intra-ply shear relaxation
modulus. Material longitudinal intra-ply shear behaviour was subsequently determined
by applying the theory of linear-viscoelasticity (LVE). Results were eventually pre-
sented as stress-strain curves for different shear rates. Although tests could only be
conducted within material LVE region, the presented test method demonstrated good
potential to become a standard in the characterisation of intra-ply shear properties of
unidirectional CFRTP composites because of (i) simple specimen preparation, (ii)
good reproducibility and (iii) tool availability.
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4.1.1.2 Picture frame test setup

The experimental results presented in this section have been generated by S. Bel at the
Chair of Carbon Composites of the Technical University of Munich.

Experimental method

First experiments to characterise longitudinal intra-ply shear behaviour of the UD-
CF/PA6 material considered in the scope of this doctoral dissertation (see Tab. 1-1) are
performed with the picture frame test setup of the TUM-LCC. The tool is composed of
four rigid bars connected with ceramic bearings in order to minimise friction while
testing [128]. The picture frame test setup is mounted in a universal testing machine
and enclosed within an environmental chamber (see Fig. 4-2).

Unidirectional
thermoplastic specimen

Picture frame test rig

Fig. 4-2: Picture frame test setup enclosed within an environmental chamber and mounted in
a universal testing machine [adapted from S.Bel]

Specimens are prepared from unidirectional plates of 1 mm thickness, brought into the
frame at room temperature and tested at 280°C. A proper positioning is achieved when
fibres are parallel to their respective side lengths. Given the lack of reinforcement in
one direction, specimens are only clamped on two sides (these perpendicular to fibre
direction). Once clamped, specimens have a free area of 200 x 200 mm?. Experiments
are performed at a test speed of 50 mm/min.

Results

Because of the early occurrence of out-of-plane wrinkles (after about 10° of shear),
picture frame test results cannot be used for characterisation purposes (see Fig. 4-3).

The onset of out-of-plane wrinkles is to be imputed to clamping. To enable the materi-
al to accommodate intra-ply shear deformations, fibres should have the possibility to
rotate at their contact points with the frame [60]. In the present case, fibres cannot ro-
tate. Because of clamping, these are forced to bend, which introduces tension. The
combination of fibre stretching and weak transverse material behaviour leads to the
occurrence of out-of-plane wrinkles. Specimen failure such as ply tearing was, howev-
er, not observed.
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Fig. 4-3: Typical picture frame test results of a molten unidirectional fibre-reinforced ther-
moplastic composite material tested at 280°C [S. Bel]
Left: Initial position; Middle: Wrinkles onset (20 mm displacement); Right: Final state.

4.1.1.3 Development of a new test method using a rheometer

Given that picture frame test results cannot be regarded to characterise material intra-
ply shear behaviour, an alternative test method using a rotational rheometer in a paral-
lel platens configuration is considered. This approach, which has been originally ap-
plied to non-cured unidirectional thermoset pre-impregnated composite materials, has
been developed in collaboration with Hormann and published in [K7, K8, 160].

Experimental method

This innovative test method considers (i) the method of Rogers for the determination
of storage and loss shear moduli from dynamic (oscillatory) experiments conducted
with a rotational rheometer [61] and (ii) Haanappel and Akkerman post-processing
method to convert results from frequency into time domain [62, 66]. Further details are
given in Appendix b.

Experiments are conducted within an environmental chamber mounted on a rotational
rheometer (MCR 302, Anton Paar). Based on machine supplier information, normal
forces comprised between 0.005 and 50 N can be applied with a resolution 0.5 mN.
Oscillatory experiments can be conducted up to a frequency of 100 Hz. [167]
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Fig. 4-4: (Left) Specimens of rectangular cross-section (from left to right: 20 x 15, 25 x 12 and
30 x 10 mm?, where the first value gives the dimension in fibre direction); (Right)
Specimen positioned between two disposable circular platens

Upper platen
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According to the method introduced in Appendix b, specimens of different aspect ratio
are prepared (see Fig. 4-4 left). To prevent measurement inaccuracies caused by ther-
mal expansion, the machine is tared once a homogeneous temperature distribution is
reached. The specimen is subsequently placed onto the lower platen. A good position-
ing is achieved when the specimen is centred with the axis of rotation of the shaft (see
Fig. 4-4 right). In the scope of this work, disposable circular platens of 50 mm diame-
ter are used. Experiments are performed with flowing nitrogen to prevent material deg-
radation [81].

Results

Because of inconsistent test results, Digital Image Correlation (DIC) is used to investi-
gate the quality of the disposable platens. Measurements are conducted with two cam-
eras of 4 MP each and analysed with the software Aramis® supplied by GOM. Images,
which have a resolution of about 47 pixels per millimetre, are treated over a diameter
of 40 mm to avoid inaccuracies caused by edge effects.

Investigations using DIC demonstrated that both upper and lower circular disposable
platens have significant thickness variations (see Fig. 4-5 left and Fig. 4-5 right, re-
spectively). Because such irregularities introduce uneven shear distribution, the rota-
tional parallel platens test setup cannot be considered to characterise the unidirectional
thermoplastic composite material.
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Fig. 4-5: Typical thickness variations of upper (left) and lower (right) disposable platens

4.1.1.4 Torsion bar test method

Given that previous test results cannot be used to characterise material intra-ply shear
behaviour, a third approach is considered.

Experimental method

The test method used for these investigations is similar to this described by Haanappel
and Akkerman [62, 66]. Because the material investigated in the scope of this doctoral
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dissertation is not available as plates of 11 mm thickness, experiments were performed
with another UD-CF/PA6 prepreg material. The material, supplied by SGL Group, has
very similar characteristics as this considered in this work and supplied by Celanese.
For example, both materials have comparable fibre volume fraction (45% for the SGL
material [168] against 48% for the Celanese material, see Tab. 1-1).

Investigations are conducted with the same rheometer as this presented in Chapter
4.1.1.3 (MCR 302, Anton Paar). In a similar manner, experiments are performed with-
in an environmental chamber (see Fig. 4-6) with low flow of nitrogen in order to pre-
vent material degradation [81]. As advised by Haanappel and Akkerman [62, 66],
prismatic bars with rectangular cross-section are prepared. The dimensions of the spec-
imens are 60 (L) x 13 (W) x 11 (T) mm, where L in the dimension in fibre direction, W
is the dimension transverse to the fibre direction and 7' is the thickness.

Unidirectional
thermoplastic
specimen

Temperature
sensor

Environmental
chamber

Fig. 4-6: Unidirectional fibre-reinforced PA6 thermoplastic composite specimen enclosed
within an environmental chamber and mounted on a rheometer

To prevent issues caused by thermal expansion of the clamps, specimens are posi-
tioned while the environmental chamber is already at 280°C. A soaking of 10 minutes
is observed before tightening the clamps to let the specimen accommodate with tem-
perature. Experiments are started after another soaking time of 10 minutes to ensure
homogenous temperature distribution. Proper soaking time is investigated with ther-
mocouples positioned in the inner and outer sides of the specimens [S10].

Amplitude sweeps, i.e. variation of shear strain, are firstly performed to determine ma-
terial LVE region. Frequency sweeps, i.e. variation of frequency, within material LVE
region are secondly conducted. These results are eventually used within a finite differ-
ence scheme to approximate shear relaxation modulus.

Results

The experimental results presented in this section have been generated in the context
of the following Term Project [S10].
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Amplitude sweeps are performed from 10% to 1% of strain at three angular frequen-
cies (1 rad/s, 100 rad/s and 100 rad/s). Results illustrated in Fig. 4-7 are the average
values of the storage modulus calculated over five repetitions. Except for measure-
ments performed at 1 rad/s below 5.10%% of strain, an average error of 15% is to be
reported.
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Fig. 4-7: Average amplitude sweep test results of molten UD-CF/PA6 specimens
Investigations performed at 1 rad/s, 10 rad/s and 100 rad/s.

The LVE region ends when a dynamic viscoelastic function, e.g. storage modulus,
deviates by maximum 10% from a constant value [169, 170]. The shear strain indicat-
ing the end of the LVE region yuax is calculated for all angular frequencies. To be con-
servative, only the lowest value is eventually considered, i.e. 1.2 x 1073% (see Fig.
4-7).

Once the limit of the LVE region is determined, frequency sweeps are carried out. To
perform tests at the highest strain possible, experiments are performed at yqx. Angular
frequencies are varied from 0.1 rad/s to 500 rad/s. Results illustrated in Fig. 4-8 are the
average values of the storage and loss moduli calculated over five repetitions. With an
average error of 17.5% for the storage modulus and 19% for the loss moduli, an over-
all good reproducibility is to be reported.
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Average frequency sweep test results of molten UD-CF/PA6 specimens

Following the method detailed in Appendix b and initially described by Haanappel and
Akkerman [62, 66], frequency sweep results are subsequently used to determine the
shear relaxation modulus G, (see Fig. 4-9). To account for “true” material behaviour,
loads caused by internal machine friction are subtracted from measurement data'. Al-
so, to avoid boundary effects, measurements for both the lowest and highest angular
frequencies are discarded. The longitudinal shear relaxation modulus is eventually cal-
culated using the finite difference scheme introduced by Schwarzl et al. [165] and
Schwarzl [166] (see equation (A-18) in Appendix b).
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Fig. 4-9:

%107

P T T T T T

O  Evaluated points
1st order power law (R2=0.99)
o
| | | | |
0.5 1.5 2 25 3
Time [s]

3.5

Approximated shear relaxation modulus of a molten UD-CF/PA6 composite material

! Loads generated by internal machine friction are measured via “air sweeps”, which consist of frequen-
cy sweeps without specimen, i.e. in the air. These results are then subtracted from frequency sweep data.
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Shear stresses are finally calculated according to equation (A-19) (see Appendix b).
Results are presented in Fig. 4-10 for three different shear rates. The maximum shear
rate is calculated using equation (A-20) (see Appendix b) with ¥ = ymax (end of the
LVE region) and o = 320 rad/s (sweeps are performed up to 500 rad/s but, to avoid
boundary effects, first and last data are not taken into account).
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Fig. 4-10:  Stress-strain response of a molten UD-CF/PA6 composite material subjected to lon-
gitudinal intra-ply shear deformations

Although a slight rate dependency is noticed, results highlight elastic dominated be-
haviour. Such observations are in good agreement with test results from Haanappel
and Akkerman, who also tested a molten CFRTP composite material [62, 66].

4.1.2 Out-of-plane bending

Because of material orthotropy, on the one hand, and the possibility to implement two
different out-of-plane bending parameters in MAT 140 (see Chapter 3.3.2), both longi-
tudinal and transverse out-of-plane bending behaviour are investigated.

4.1.2.1 Longitudinal out-of-plane bending

Most of the content of this section, including text and figures, is based on [P2].

Literature review

Although some test methods developed at room temperature for dry reinforcements
can easily be accommodated within environmental thermal chambers for pre-
impregnated materials, e.g. picture frame/bias-extension tests [47, 54, 55], the adapta-
tion of conventional bending test setups is more complicated. An overview of the main
test methods developed to determine out-of-plane bending properties of dry reinforce-
ment and pre-impregnated composites is presented in Tab. 4-1.
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Tab. 4-1: Overview of the main test methods for out-of-plane bending characterisation
Ref. ’l:estmg Device Load Material
environment case
Peirce et al. Room Cantilever Unique i
[171] temperature test q
Bilbao et al. Room Enhanced Multiple Biaxial dry
[172] temperature cantilever test p NCF
Liang et al. Up to Cantilever test . SHS PEEK
[83] 600°C  +thermal chamber Muitple  SHS PPS
Satin PA66
Soteropoulos Room “Vertical” Multiple 0/90 glass
et al. [173] temperature cantilever test p fibre NCF
Lomov et al. Room . Bi- and quadri-
[77] temperature Kawabata test Multiple axial dry NCFs
Martin et al. Up to Vee-bending test Multiple UD glass fibre
[78] 170°C + thermal chamber p PP composite
University of Up to Rheometer Multiple UD Carbon

Twente [174] 450°C + thermal chamber PEEK prepreg

Although various setups have been developed throughout the years, most of them are
adapted from the cantilever test developed by Peirce [171]. In this test setup, a rectan-
gular piece of material is laid on a support. The specimen is gradually pushed over an
inclined plane. The test is over when the tip of the material comes into contact with the
incline plane. Thanks to mechanical relationships, as well as the inherent properties of
the specimen, the bending stiffness can be calculated. A variant of this test was pro-
posed by Bilbao et al. in 2008 [172]. The device introduced by Bilbao et al. offers the
main advantage to vary the load to which the specimen is subjected. To do so, the
specimen is placed on top of a support composed of laths. By their removal, the over-
hang length of the specimen is subjected to gravity and thus bent under its own weight.
As described by the authors, the test is a succession of quasistatic experiments with
different load cases. The displacements of the specimen are successively recorded by a
digital camera which enables to report the shape of the specimen. Until recently, all
variants of cantilever tests were only suitable for tests performed at room temperature.
In 2014, Liang et al. proposed an adaptation within an environmental thermal chamber
[83]. Investigations proved the method to be applicable to the characterisation of ther-
moplastic composites through a control of the testing temperature. However, the usage
of defined strain rates was not made possible since specimens were only subjected to
gravity.
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Soteropoulos et al. [37, 173] identified that the tips of the specimens tested with a can-
tilever setup are often twisted while bending due to non-linear loading effects. To
evacuate this issue, Soteropoulos et al. designed a test in which specimens are hung
vertically and thus aligned with gravity. In this setup, a load is attached to a string
linked to the tip of the specimen. By using a digital camera and attaching different type
of loads, the displacement of the specimen can be recorded and the bending stiffness
determined. To the author’s best knowledge, this method has not been applied under
regulated environmental conditions yet. Other test setups, such as the Kawabata test,
which are appropriate for the characterisation of out-of-plane bending properties at
room temperature, have also never been used under regulated conditions [77]. In the
middle of 1990s, Martin et al. proposed an innovative test method composed of a Vee-
bending fixture mounted in a tensile testing machine and enclosed in a thermal cham-
ber [78]. In a latter study, Dykes et al. proposed an enhanced version of this test setup.
The new design of the fixture ensured constant shear deformation rates at the supports
[79, 80]. However, the Vee-bending technique cannot be considered as a method used
to characterise out-of-plane bending properties. In fact, the main goal of these analyses
was to investigate the longitudinal and transverse viscosities of molten unidirectional
thermoplastics. Therefore, bending tests were performed such that shear becomes the
main deformation mode.

For the analysis of the bending behaviour of thermoplastic composites, a novel ap-
proach using a rheometer and a dedicated environmental chamber was suggested at the
University of Twente [43, 66, 174]. The idea of the setup can be assimilated to a vari-
ant of the Kawabata test enclosed in a thermal chamber. The main difficulty of this
method is to ensure pure bending. To describe a perfect circular path, the University of
Twente developed customised clamps that do not hold tight the specimen. Sachs et al.
explained that a good understanding of the boundary conditions and the deformation
mechanisms is necessary to properly analyse the outcome of the tests [43].

Although test setups giving encouraging results were recently proposed, no method
seems to be established for the characterisation of out-of-plane bending properties of
unidirectional thermoplastic pre-impregnated composites in their molten configuration.
A new approach using a DMA system is presented in the following section. This ma-
chine has the main advantage to offer a close control of the testing parameters, e.g.
temperature and test speed. In this work, only standard test fixtures are considered in
order to avoid complicated boundary conditions and ease the analysis of the testing
outcomes.
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Development of a new test method using a DMA system

DMA system description

The machine used in the scope of this work is a Q800 DMA system supplied by TA
Instruments. A DMA system is a mechanical testing machine dedicated to fine meas-
urements within a regulated environment. The Q800 enables analyses over an extended
temperature range comprised between -145°C and +600°C. Heating rates from 0.1 up
to 20°C/min can be applied. Under isothermal conditions, the temperature stability is
claimed to be £0.1°C for experiments performed above 50 °C. The machine can test
samples of stiffness comprised between 10? and 10’ N/m. [175]

Several different types of standard clamps can be adapted on the Q800 machine. Most
common ones are these used to test in tension, compression and bending. Regarding
standard bending test fixtures, single cantilever, double cantilever and three-point
bending clamps are available. Although dynamic experiments are more often consid-
ered, both dynamic and quasistatic investigations can be performed with a DMA sys-
tem [175, 176]. In the scope of this work, only quasistatic tests under isothermal condi-
tions are considered and, while humidity of the test environment is not controlled, the
moisture content is regulated by drying the specimens.

Specimen preparation

Specimens are prepared from unidirectional plates of 1 mm thickness, which are pre-
pared with the same material and the same method as this described in Chapter 1.1.

To ensure a homogeneous unidirectional fibre orientation, specimens are controlled
using a ProFactor sensor [177]. This aspect is of particular importance because varia-
tions in the fibre orientation can lead to altered measurements. Specimens are prepared
such that their side lengths are parallel to the fibre orientation (see Fig. 4-11). The di-
mensions of the specimens are 25 (L) x 15 (W) x 1 or 2 (T) mm® where L in the di-
mension in fibre direction, W is the dimension transverse to the fibre direction and T is
the thickness. Measurements of the specimen geometries are performed for every test
with a 1 um precision (see Tab. 4-2). All specimens are initially flat and considered as
having uniform dimensions along their respective length and width and throughout
their respective thickness.

Thickness | \\\wre orientation

Length

Width

Fig. 4-11:  Fibre orientation and geometry of specimens used for longitudinal bending tests
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Tab. 4-2: Average dimensions and standard deviations in millimetres of (a) the specimens used
for preliminary investigations and (b) the specimens used for material characterisa-
tion

Single Double Three-point Three-point
Cantilever Cantilever bending (20mm) bending (50mm)
(a)20+0
(a)35+0 (a)50+0
Length ) 17.621 £0.130 (b) 20 £ 0
[mm] (cantilever length) (span length)
(span length)
Width (a) 14.759 + 0.266
(a) 14.851+£0.106 (a) 14.781 £0.138 (a) 14.857 £ 0.112
[mm] (b) 14.528 £ 0.198

(a) 1.016 £ 0.035
(2) 0.966 +0.085  (a) 1.010% 0.039
- (b) 1.006 + 0.042
Thickness and and (a) 1.944 % 0.112
[mm] and

(a) 1.957+0.041  (a) 1.948 +0.022
(a) 2.039 + 0.100

Preliminary investigations

Most of the content of this section, including text and figures, is based on [K3] and
[S3].

Given that a DMA system offers different possibilities in the determination of out-of-
plane bending properties, a screening of the different test methods is performed. Four
standard test fixtures are evaluated: single cantilever, double cantilever, three-point
bending 20 mm and three-point bending 50 mm. Tests are conducted for two specimen
thicknesses (I mm and 2 mm) at 200°C, 230°C and 260°C, i.e. far below, above, and
far above melting temperature, respectively. For each configuration, three test speeds
are applied: 10 pm/min, 100 pm/min and 500 pm/min. [K3, S3]

The specimens are positioned in the machine at room temperature. The alignment of
the sample is appropriate when the width of the specimens is parallel to the
clamps/support. A good positioning is essential to avoid unsymmetrical loadings.
Specimens mounted in different test fixtures are shown in Fig. 4-12.

Tests conducted with single- and double-cantilever fixtures are clamped at room tem-
perature with a torque of 0.79 N.m (7 in.lb). Clamps are retightened using the same
torque at 210°C (when applicable) to ensure a proper contact between the specimen
and the tooling. Regarding three-point bending tests, a preload force of 0.001 N is ap-
plied. Specimens are then heated to testing temperature (200°C, 230°C or 260°C) at
heating rates of 10 K/min and 20 K/min. Heating rates are found to have no noticeable
effect on testing outcomes.
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Flowing nitrogen is used to avoid polymer degradation [81]. For all four fixtures, the
machine is forced to keep a neutral displacement while heating up in order not to alter
the quality of the specimens.

To ensure a homogeneous temperature distribution within the specimen, tests are per-
formed five minutes after isothermal conditions are reached. Finally, tests are executed
with controlled displacement ramps, i.e. test speeds, over a displacement of 1500 pm.
Due to the stiffness limit of the machine, three-point bending tests of 50 mm span
length cannot be conducted with specimens of 1 mm thickness.

(b)

© (d)

Fig. 4-12:  Specimens mounted in different test fixtures: (a) Single cantilever; (b) Double canti-
lever; (¢) Three-point bending (20 mm) and (d) Three-point bending (50 mm)

The outcome of the screening analysis is presented in Tab. 4-3. Both cantilever tests
(single and double) are suitable for testing below melting temperature, i.e. 200°C, but
not above, i.e. 230°C and 260°C. Both test fixtures appear to be unstable when compo-
sites are in their molten configuration. Their instability is caused by the lack of reactiv-
ity of the machine. The DMA system does not manage to take the phase transition of
thermoplastics into account and simultaneously keep a neutral displacement. Relative
displacements while heating up are caused by the interaction existing between the me-
tallic fixtures of the DMA system and the thermoplastic specimen. Both have different
coefficients of thermal expansions and therefore do not behave similarly when subject-
ed to temperature variations.
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To keep a neutral displacement while heating, the machine is forced to load the speci-
men. Because the transition between solid and molten states happens suddenly, the
machine does not have enough time to adjust its parameters accordingly. As a conse-
quence, when the melting temperature is reached, the sample is damaged due to the
application of high forces. This issue can be overcome by forcing the machine to stay
at an isothermal temperature below and close to melting temperature, e.g. 215°C, for a
long period of time. Although this method gives satisfactory results, it is not suited for
rapid testing. Besides, it is reported in the literature that the clamping of the cantilever
tests has an undesirable effect on the experimental outcomes [178-180]. Therefore,
cantilever tests are not selected for this work.

Tab. 4-3: Outcome of screening investigations for longitudinal bending characterisation

Cantilever Three-point Three-point
Temperature

°C| (single and bending bending
double) (20mm) (50mm)
200
1 mm 230 Selected (‘Essntggtbbe
specimens method Y
DMA system
260 Unstable
above
200 melting
temperature
2 mm 730 Interlaminar Tooline limit
specimens shear £
260

On the other hand, all three-point bending configurations are stable below and above
melting temperature for all test speeds. Although the norm ISO 14125 recommends to
maximise the free span length to thickness ratio in order to minimise the occurrence of
interlaminar shear within the specimen [181], the test method considering a three-point
bending fixture of 50 mm span length does not show a good potential because of its
tooling arrangement. Since both three-point bending setups are built in the same test
rig (see Fig. 4-12 c¢) specimens tested with the three-point bending (50 mm) fixture can
possibly enter into contact with the three-point bending (20 mm) tooling in case of
important displacements. Such a risk is not acceptable and the consideration to select a
three-point bending (50 mm) fixture is therefore discarded.

The assessment of three-point bending (20 mm) results can also be based on the norm
ISO 14125. To maximise the free span length to thickness ratio, specimens of 1 mm
thickness must be selected [181]. This choice is supported by the analysis of the spec-
imen geometries after testing. As it can be seen in Tab. 4-4, the widths of the 2 mm
thickness specimens were significantly modified at the location of the punch.
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Such a phenomena is also reported by Martin et al. and characterised as transverse
spreading [78]. Although transverse spreading is also observed for the specimens of 1
mm thickness, this phenomena can be neglected for this type of specimens (less than
3% variations). Similar deformations were also noticed at 260°C. Thickness measure-
ments were not possible due to the deformed shape of the specimens.

Tab. 4-4: Three-point bending (20 mm): specimen widths at punch location before and after
testing for experiments performed at 230°C

Test speed Width before Width before Variation

[pm/min] testing [mm] testing [mm] [%]

200 14.85 15.21 1242

1 mm 230 15.00 15.40 +2.67
spec1mens

260 13.90 13.93 +0.22

200 14.66 17.27 +17.80

2 mm 230 14.65 16.99 +15.97
specimens

260 14.73 16.42 +11.47

The analysis of the preliminary results and the indication given by the norm ISO 14125
tends eventually to favour the application of a three-point bending fixture of 20 mm
span length and specimens of 1 mm thickness for the characterisation of unidirectional
carbon fibre thermoplastic composites.

Experimental method and results

Having determined the most suitable test fixture and specimen geometry, additional
quasistatic tests are carried out at 280°C for five different test speeds to characterise
material longitudinal out-of-plane bending behaviour.

Specimens are positioned in the machine at room temperature (see Fig. 4-13). The
alignment of the sample is appropriate when the width of the specimens is parallel to
the clamps/support. A good positioning is essential to avoid unsymmetrical loadings.
A preload force of 0.001 N is applied. Specimens are then heated to testing tempera-
ture, i.e. 280°C, at a heating rate of 10 K/min. Flowing nitrogen is used to avoid poly-
mer degradation [81]. While heating up, the machine is forced to keep a neutral dis-
placement in order not to alter the quality of the specimens. To ensure a homogeneous
temperature distribution within the specimen, tests are performed ten minutes after
isothermal conditions are reached. Finally, quasistatic tests are carried out at forming
temperature for five different test speeds in order to characterise the longitudinal out-
of-plane bending behaviour of the UD-CF/PA6 composite material.
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Unidirectional
thermoplastic specimen

DMA three-point
bending tool

Fig. 4-13:  Unidirectional thermoplastic specimen mounted in a DMA three-point bending tool
(20 mm)

Measurements of the machine, i.e. force-displacement, are converted to stress-strain
data using equation (4-1) and (4-2), respectively. Considering a span to thickness ratio
of 20:1, the norm ISO 14125 [181] gives the expression of the stress in the outer fibre
at mid-span o in a beam of rectangular cross-section as:

3FL

- 4-1
%8 = Jwr? “-1)

where F is the force applied at mid-span, L is the free specimen span length, W is the
specimen width and 7 the specimen thickness.

The expression of the maximum strain in the outer fibre at mid-span ¢p is given as
[181]:

6DT
& = 7 (4-2)

where D is the displacement at mid-span, 7 the specimen thickness and L the specimen
free span length.

Stress-strain data presented in Fig. 4-14 indicate distinct viscous behaviour with a
good result consistency. These are calculated as the average results over three repeti-
tions, except for 2500 pm/min where only two experiments were taken into considera-
tion. This is due to the presence of an outlier in the data set caused by a test performed
on a tooling soiled by some thermoplastic resin. The resin located on the support pre-
vents a frictionless contact between the tooling and the specimen, which introduces
additional stresses in the specimen and thus alter the testing outcome.

The standard deviations of the stresses presented in Fig. 4-14 are given in Tab. 4-5 for
different strain values. An overall good reproducibility of the test method is to be
acknowledged. The fluctuations registered for a test speed of 10000 pm/min are due to
the inability of the system to apply properly such a test speed [P2].
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Fig. 4-14:  Average bending stress-strain results of UD-CF/PA6 specimens (investigations per-
formed at 280°C for different test speeds)

Tab. 4-5: Standard deviations of the stresses presented in Fig. 4-14

1000 2500 5000 7500 10000
pm/min . pm/min . pm/min . pm/min . pm/min

Stress standard
deviation [%] 7.763 4.960 7.275 5.040 1.895
at£=0.0075
Stress standard
deviation [%] 7.142 3.422 4.603 2.256 3.238
ate=0.015
Stress standard
deviation [%] 7.128 2.926 4.457 2.067 3.503
at € = 0.0225

Out-of-plane bending modulus calculation

Out-of-plane bending moduli Ep are calculated to determine proper simulation input
(see Chapter 3.3.2). Because all tests are performed for small deflections (maximum
deflection corresponds to less than 10% of the free span length), bending moduli can
be calculated as the ratio of equation (4-1) over equation (4-2) [P2]:

FL? L3

Ep = =K— (4-3)
B 481D 48]

where K is the specimen stiffness, / the second moment of inertia. The specimen stiff-
ness K is defined as the ratio between the applied force F' and the resulting displace-
ment at mid-span D. Due to the acceleration of the machine, only the last third of data
recorded by the DMA system, i.e. K, are used for analysis purposes [P2].
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The evolution of the longitudinal out-of-plane bending modulus with respect to strain
rates is displayed in Fig. 4-15. Strain rates €5 are calculated as the time derivative of
equation (4-2) :

B 6Dt

= (4-4)

where D is the test speed.
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Fig. 4-15:  Strain rate dependency of the longitudinal out-of-plane bending modulus of a UD-
CF/PA6 material (280°C)

Correlations between test speeds (input given to the DMA system) and strain rates are
presented in Tab. 4-6 for specimens of ideal geometries (20 mm length, 15 mm width
and 1 mm thickness).

Tab. 4-6: Equivalence between test speeds and strain rates for specimens of ideal geometry
Test speed
p. 1000 2500 5000 7500 10000
[pm/min]

Strain rate

[1/s] 25x10% 6.25x10%  1.25x10° 1.88x10° 25x107

The data recorded for similar test speeds are not all perfectly equivalent to their corre-
sponding strain rates but rather spread around a value. This arises from the thickness
variations existing between the specimens (several dozen micrometres).
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Vertical errors are due to material non-linear stress behaviour (see Fig. 4-14) and the
fact that calculations are performed over the last third of the measurements. A maxi-
mum error of 14% is to be reported. The relatively high horizontal standard deviations
of the experiments performed at 10000 pm/min reflect the difficulty encountered by
the machine to control the application of such a test speed.

Results are found to satisfy a linear approximation within the range of data:
Ep = 4878 - 5 + 26.59 (4-5)

Inaccuracies in the determination of the out-of-plane bending modulus can be caused
by imprecisions in the measurement of specimen thicknesses. Since the value of the
thickness is cubed in the calculation of the modulus (via the second moment of iner-
tia), this parameter plays a rather important role. Each specimen was measured using a
digital calliper with an accuracy of 1 um. Although the error arising from the thickness
measurements cannot be precisely determined, it is expected to be rather small.

4.1.2.2 Transverse out-of-plane bending

To assess whether the DMA test method is applicable to the characterisation of trans-
verse out-of-plane bending properties, specimens of 1 mm and 2 mm thicknesses are
positioned on top of a tray and enclosed for 15 minutes into an oven heated at 280°C.

Fig. 4-16:  Transverse out-of-plane bending: specimen deformations after 15 minutes at 280°C

Results show that both specimens are not able to withstand their own weights (see Fig.
4-16). Because of weak material behaviour caused by the lack of reinforcement, trans-
verse out-of-plane bending properties cannot be investigated neither with a DMA sys-
tem nor with other test methods.

4.1.3 In-plane tension

In a similar manner as for out-of-plane bending properties, because of material or-
thotropy and the requirements of the material model (see Chapter 3.3.2), both longitu-
dinal and transverse behaviour have to be investigated.
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4.1.3.1 Longitudinal tension

In the scope of this doctoral dissertation, longitudinal in-plane tension behaviour is not
investigated because:

e it is governed by fibre properties and as such, is not expected to vary with tem-
peratures and strain rates (see Chapter 2.2.2),

e it is often scaled in explicit FE simulations to reduce computational effort (see
Chapter 5.1.1).

A reference value of 200 GPa is considered [11].

4.1.3.2 Transverse tension

Most of the content of this section, including text and figures, is based on [P3].

Literature review

Since the 1960s the characterisation of transverse tensile properties of unidirectional
composite materials has been considerably investigated in the field of fracture and
damage mechanics [182-186]. Transverse tensile properties were also investigated in
the analysis of intra-ply shear of unidirectional composite materials using off-axis ten-
sile tests [187]. Released norms related to the characterisation of transverse tensile
properties recommend the usage of universal testing machines and, if required, the
application of an environmental chamber to control testing conditions [188, 189].
These norms were however originally developed for cured thermoset (and solid ther-
moplastic, i.e. non-molten) laminates. As such, they are not really suited for the char-
acterisation of very soft materials like molten thermoplastic composite materials
(thermoplastic materials tested above melting temperature). In the field of material
forming, transverse tensile properties have already been investigated for a non-cured
unidirectional thermoset pre-impregnated composite material.

In his study, Potter particularly showed that such materials are stiffer under intra-ply
shear than transverse tension [65]. To the author’s best knowledge, there has not been
any published investigation reporting the characterisation of transverse tensile proper-
ties of molten thermoplastic composite materials.

In the following, a novel approach for the characterisation of the transverse tensile
properties of molten unidirectional pre-impregnated composite materials is presented
using a DMA system in a quasi-static manner. First unsuccessful attempts conducted
within an environmental chamber mounted on a universal testing machine are used as
motivation for this work.

Initial situation

First attempts for the characterisation of transverse tensile properties have been per-
formed by S. Bel at the Chair of Carbon Composites of the Technical University of
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Munich using a universal testing machine (UPM 250kN, Hegewald and Peschke).
Tests are carried out within an environmental chamber in order to reproduce similar
conditions as during forming (280°C). Specimens of 200 (L) x 50 (W) x 1 (T) mm?
where L is the length in fibre direction, W is the dimension transverse to fibre direction
and T is the thickness, are tested at 10 mm/min, 50 mm/min and 100 mm/min. A good
positioning of the specimens is achieved when an initial free test length of 20 mm is
reached (15 mm clamping on each side) and when the specimen’s fibre orientation was
parallel to the side length of the clamps (see Fig. 4-17).

Universal /F T Pulling direction
testing machine ]
) [—

Tensile clamp

Environmenal Unidirectional
chamber .| thermoplastic specimen

Temperature sensor

‘i - | 200 mm |

Fig. 4-17:  Thermoplastic specimen mounted in a universal testing machine and enclosed within
an environmental chamber [adapted from S. Bel]

Although few pretrials delivered encouraging results, additional investigations showed
a lack of reproducibility. Difficulties are mainly caused by the thermal expansion of
the metallic clamps and their interactions with the thermoplastic composite specimens.
By heating up the environmental chamber to such an elevated temperature, the align-
ment of the clamps undergoes significant variations which influenced the initial spec-
imen free length and therefore, the initial specimen stress state.

The expansion of the clamps directly introduce forces (mainly compressive) which
make the specimen buckle. Approaches considered to counteract thermal expansion
such as (i) commanding the tensile testing machine to remain at zero force while heat-
ing up and, (ii) eliminating the buckle by straightening the specimen, are not satisfac-
tory. The unsymmetrical and rather unpredictable aspects of the variations make them
particularly difficult to anticipate.

Because of severe thermal expansion issues, the method considered here, using a uni-
versal testing machine and an environmental chamber, appears not to be suitable for
the characterisation, under environmental forming conditions (280°C), of the trans-
verse tensile properties of a unidirectional thermoplastic material. Besides, the usage
of a relatively large environmental chamber raise uncertainties regarding temperature
distribution. Although air circulation is managed by a fan, homogeneous temperature
is difficult to achieve. To prevent temperature distribution issues, significant soaking
time have to be applied, which, in return, leads to relatively long testing time.
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For the investigation of transverse tensile properties of a molten thermoplastic materi-
al, a simple and robust test method which enables fine measurements as well as a close
control of environmental conditions is needed. The selected test method should also
permit efficient testing, via e.g. high heating rates, and rapid data analyses. To fulfil
these requirements, a new approach using a DMA system in a quasi-static manner has
been developed. In particular, preliminary analyses performed with a control material
showed its potential and relevance to characterise transverse tensile properties of
soft/molten composite materials (see Chapter 4.4.3).

Development of a test method using a DMA system

Specimen preparation

Specimens of 6.5 (L) x 23 (W) x 2 (T) mm?, where L is the length in fibre direction, W
is the dimension transverse to fibre direction and 7 is the thickness, are prepared from
unidirectional blanks of 1 mm thickness. These are laid and consolidated in the same
manner as presented in Chapter 1.1. To protect DMA clamps, specimen tips are
wrapped in aluminium tapes (see Chapter 4.4.3). The outer layers of some specimens
are examined using an optical measuring system (ProFactor sensor [177]) to control
whether they have a homogeneous unidirectional fibre orientation perpendicular to the
specimen side length. Although measurements are not performed for all specimens,
results are assumed to be representative. An average fibre orientation of 87.80°
(£3.08°) with respect to the specimen side length is to be reported. Deviations are
mainly caused by the consolidation process. The effect of such fibre reorientations is
not considered in the present study.

Experimental methods and results

Specimens are positioned at room temperature and clamped with a torque of 3 in.lb
(0.34 N.m). The alignment of the sample is appropriate when the specimen fibre orien-
tation is parallel to the side length of the clamps (see Fig. 4-18). Specimens have an
initial free length of about 10 mm. The furnace is eventually closed and heated up to
280°C at a heating rate of 10°C/min. During the heating up phase, the actuator is
blocked to avoid undesirable effects. To ensure homogeneous temperature distribution,
tests are performed ten minutes after isothermal conditions are reached.

DMA tensile clamp — £

Unidirectional
thermoplastic specimen

Fig. 4-18:  Unidirectional thermoplastic specimen mounted in a DMA tensile clamp
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Due to unsuccessful attempts at constant test speeds, tests are conducted at constant
loading rates (0.025 N/min, 0.05 N/min, 0.075 N/min, 0.100 N/min and 0.125 N/min).
Difficulties encountered with tests conducted at prescribed test speeds is due to the
working principle of the machine and the weak behaviour of the material. Unlike ten-
sile testing machines, DMA systems apply forces and measure displacements [176].
For tests performed at prescribed test speeds, the machine must reach selected test
speeds by applying forces and measuring resulting displacements. This iterative pro-
cess appears to be especially complicated to manage with weak materials, such as a
molten thermoplastic composites.

Force-displacement data recorded by the DMA systems are converted to strains &; and
stresses o; using equations (4-6) and (4-7), respectively:

D

St:_
Lo

(4-6)
where D is the displacement of the crosshead (universal testing machine) / actuator
(DMA system) and Ly is the initial specimen free length,

_F _F
A, WxT

O¢ (4-7)

where F is the measured force and Ay the initial specimen cross-section calculated by
multiplying W and 7, the specimen width and thickness, respectively.
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Fig. 4-19:  Average stress-strain transverse tensile test results of UD-CF/PA6 specimens (inves-
tigations performed at 280°C with a DMA system)

Results presented in Fig. 4-19 are the average stress-strain data calculated over three
repetitions. Standard deviations, which are not plotted for clarity purposes, remain al-
ways smaller than 2%.
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The small scatter of the data indicates the overall good reproducibility of the presented
test method. Variations in the end strain values are due to different initial specimen
free lengths (from about 10 mm to 13 mm). No failure of specimens is observed at the
end of the tests. The material exhibits clear viscous behaviour under environmental
forming conditions.

4.1.4 Viscosity

As detailed in Chapter 3.3.2, material viscous behaviour in MAT 140 is managed by a
parameter representing composite viscosity. Because of the influence of the fibres,
viscosity has to be characterised for the composite and not for the unfilled polymer
resin [81]. This section aims therefore to characterise composite viscous behaviour
under thermoforming conditions.

4.1.4.1 Literature review

The usage of standard apparatus applied to unfilled polymers, e.g. rotational and capil-
lary rheometers, have shown to be limited to melts reinforced with fillers of small as-
pect ratio?. In particular, the usage of rotational rheometers for the characterisation of
continuous fibre-reinforced melts seems to be restricted to small deformations in order
not to change sample configuration and fibre orientations. Other studies considering
capillary rheometers showed the high volume fraction of continuous fibre-reinforced
composites to prevent proper characterisation. [81]

Because no capillary rheometer is available at the Chair of Carbon Composites of the
Technical University of Munich, on the one hand, and the limits of rotational rheome-
ters, none of the aforementioned methods is considered to characterise the viscosity of
the unidirectional fibre-reinforced composite material presented in Tab. 1-1. Instead,
an analytical method based on transverse tensile test results is derived and applied to
results presented in Fig. 4-19.

4.1.4.2 Method and results

The instantaneous transverse composite viscosity #; can be calculated from transverse
tensile tests via the equation (4-8). Derivation details are given in Appendix c.

_0¢(Lo + D)

i (4-8)

Ne

where o; is the transverse tensile stress, Lo is the initial specimen free length, D is the
displacement and D is the speed.

2 Ratio between the largest and the shortest lengths of the filler.
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Fig. 4-20:  Average composite viscosities calculated according to equation (4-8) for different
loading rates

Results presented in Fig. 4-20 are the average viscosity values calculated according to
equation (4-8) over three transverse tensile tests. Standard deviations, which are not
plotted for clarity purposes, remain smaller than 15% in average. Most of data scatter-
ing occurs within the first 0.2 value of strain (see grey zone in Fig. 4-20) with a maxi-
mum error of about 37% for 0.025 N/min.

That scattering is larger below the first 0.2 value of strain is due to flow initiation.
Flow initiation, which is characterised by a slight viscosity overshoot (see grey zone in
Fig. 4-20), is reported to be influenced by local fibre reorientation [81] and molecular
entanglement [190]. Although it can be observed for all test series, the overshoot is
more distinct for 0.025 N/min because fibres can rearrange more easily at low rates.
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Fig. 4-21:  Evolution of composite viscosity over the investigated range of loading rates
Viscosities are calculated after 0.2 value of strain (see Fig. 4-20).
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To avoid effects of flow initiation, only data after 0.2 value of strain are considered for
analysis purposes. Despite transverse tensile tests are performed at constant loading
rates and thus, varying test speeds (see Chapter 4.4.3 and Fig. 5-2), viscosity appears
to remain rather constant within the range of data (see Fig. 4-20). The relatively low
standard deviations indicate that the viscosity does not vary significantly during testing
(see Fig. 4-21). An average composite viscosity of 8129 Pa.s is approximated within
the range of data. Because of the presence of reinforcing fibres, composite viscosity is
found to be larger than neat PA6, which has a viscosity of about 200 Pa.s at 280°C
[191]. In fact, composite viscosities are reported to be dependent on the viscosity of
the neat resin, the fibre volume fraction and the fibre array packing geometry [81].

Because MAT 140 considers viscous fluids to be dependent on deviatoric stresses ra-
ther than Cauchy stresses [155], a specific composite viscosity 7r4um has to be calculat-
ed for simulation purposes. According to equation (A-32)°, composite viscosity reads:

Npam = 4065 Pa.s = 0.004 GPa.ms (4-9)

4.2 Characterisation of a separation film

Most of the content of this section, including text and figures, is based on [K10].

In the scope of this work, thermoforming experiments are performed with layups com-
posed of tailored thermoplastic composite blanks and separation films (see Chapter
6.1.1). The latter, which are located at the interface between composite and tooling,
aim to (i) ease part removal after forming and (i1) enhance forming quality by decreas-
ing tool/ply friction. Within this work, a heat-resistant polyimide film supplied by Air-
tech, also referred to as kapton film, is considered (see Tab. 4-7) [192].

Tab. 4-7: Main properties of the polyimide film supplied by Airtech [192]

] Maximum use Thickness
Material type Colour
temperature [°C] [pm]
Polyimide 405 50 Amber

In FE thermoforming simulations, auxiliary materials are usually only taken into ac-
count within interaction properties. Typically, separation films are not modelled “ex-
plicitly” but their influence is considered within tool/ply friction coefficients. In the
scope of this doctoral dissertation, an innovative approach in which each separation
film is modelled by a layer of shell elements is introduced (see Chapter 6.1.4).

3 Details of the derivation are given in Appendix c.
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For simulation purposes, the separation film must thus be characterised. As an iso-
tropic material, the film is modelled with MAT 101. Besides the density, two input
parameters are required (see Chapter 3.3.2):

e Poisson’s ratio,
e Young’s modulus.

In the scope of this work, the Poisson’s ratio of the separation film is assumed to be
strain rate and temperature independent. According to [193], a Poisson’s ratio vyim of
0.33 is considered.

-
e & Polyimide film

&

DMA tensile clamp — o

Temperature sensor
Fig. 4-22:  Polyimide film mounted in a DMA tensile clamp

Because of the lack of material data at forming temperature, a series of tensile tests are
performed at 280°C. For accuracy purposes, investigations are conducted with a DMA
system (see Chapter 4.1.2.1). Specimens are positioned at room temperature and
clamped with a torque of 5 in.lb, i.e. 0.565 N.m (see Fig. 4-22). To prevent slippage, a
higher torque than this prescribed by TA Instruments is applied. Specimens have an
initial free length of about 10 mm. The furnace is eventually closed and heated up to
280°C at a heating rate of 10°C/min.
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Fig. 4-23:  Typical stress-strain tensile test response of a polyimide film (investigation per-
formed at 280°C with a DMA system)
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Tensile tests are carried out at a prescribed test speed of 100 um/min. A typical test
result is presented in Fig. 4-23. The elastic modulus is determined as the tangent of the
initial stress-strain response (see red line in Fig. 4-23). Although further investigations
would be necessary to confirm pure elasticity, e.g. load release tests, mechanical be-
haviour is assumed to be elastic up to a strain value of 0.5%. An average Young’s
modulus of about 2.1 + 0.2 GPa is calculated over six repetitions.

4.3 Characterisation of contact properties

Based on the experimental thermoforming setup considered in this work (see Chapter
6.1.1), tool/film, ply/ply and film/ply interactions need to be characterised. For these
purposes, a novel friction test setup, which enables investigations at different test
speeds, temperatures, pressures and fibre orientations, is introduced. Characterisation
analyses are eventually conducted, to the best possible extent, under similar environ-
mental conditions as forming occurs, at different test speeds, pressures and, if applica-
ble, fibre orientations to identify potential dependencies.

4.3.1 Literature review

A review of the state-of-the-art test methods for the characterisation of contact proper-
ties (tool/ply and ply/ply) has been recently proposed by Sachs et al. [43, 93]. Further
details can also be found in [37, 44, 94. 194].

Unlike investigations at room temperature [195, 196], no test standard exists for the
characterisation of tool/ply and ply/ply interactions under regulated environmental
conditions. Despite this lack, most wet friction analyses, i.e. tests performed with mol-
ten thermoplastic materials, have been conducted with similar test setups. Investiga-
tions have been typically carried out with variants of the pull-out and pull-through test
setups (see Fig. 4-24 left and right, respectively) [43, 67, 82, 90, 93, 94].

I Pulling force I Pulling force
. Thermoplastic
Thermoplastic P e

composite composite Heated platens

Heated platens
Pressure Pressure
Pressure Pressure
il |
Film, composite,

Film, composite, tool surface

tool surface —

Fig. 4-24:  Schematic of a pull-out (left) and pull-through (right) test setup
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Pull-out and pull-through test setups are both based on the same working principle.
Contact properties are characterised by pulling a ply out or through two others, respec-
tively. Depending on the configuration, these apparatus can be used to investigate
tool/ply or ply/ply interactions. The main difference between both test setups lies in the
fact that, in pull-out experiments, contact area decreases during testing, whereas it re-
mains constant in pull-through analyses. To control testing conditions, each test setup
can regulate test speeds, temperatures and applied pressures.

The characterisation of wet friction properties has been a popular field of research over
the last years. In particular, an international benchmark led by the University of Twen-
te was conducted [93]. The goal of this collaborative work was “to clarify whether
design differences (between test setups) have a significant effect on measurement re-
sults”. For comparison purposes, each participant characterised the same thermoplastic
composite material using its own test apparatus. In their conclusion, Sachs et al. em-
phasised the importance of temperature and pressure distributions and recommended to
pay particular attention to these in the development of new test setups [43, 93].

For tool-ply friction, Harrison et al. proposed an innovative approach using a rotational
rheometer [194]. Investigations were conducted with a customised test rig. According
to the authors, the consideration of a rheometer enables more efficient testing than
classical pull-out and pull-through test setups. Results, which were analysed using a
dedicated post-processing method, showed a similar trend than measurements per-
formed with pull-out and pull-through test apparatus. Discrepancies were assumed to
be caused by an unverified assumption used for data analysis (constant film thickness).

Although several test setups were proposed over the years, no method seems to be es-
tablished for the characterisation of contact properties. Therefore, a new approach
based on the test setup introduced in the norm DIN 14882 [195] has been developed to
meet wet friction requirements and recommendations of Sachs et al. [93].

4.3.2 Development of a new friction test setup

Most of the content of this section, including text and figures, is based on [K11 and
S6].

The norm DIN 14882 [195] presents an efficient test method, referred to as “carrier
test setup”, to characterise contact properties at room temperature. Interactions be-
tween material A and material B are investigated when a carrier, below which is fixed
a piece of material B, is pulled over a support, on top of which lays a piece of material
A (see Fig. 4-25). Depending on materials A and B, different types of interactions can
be investigated.
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Carrier

; L |

Material B

Fig. 4-25:  Schematic of the “carrier test setup” introduced by DIN 14882 (adapted from [195])

In the scope of this doctoral dissertation, the original concept presented in DIN 14882
[195] is modified to meet wet friction requirements. The new “carrier test setup” must:

e Offer the possibility to perform experiments at different temperatures, pres-
sures and test speeds,

e Enable efficient specimen replacement,

e Be connected to a load cell to measure frictional forces,

e Be lightweight to ease mounting/dismounting operations.

I Pulling force

Wire

Pulleys

Carrier

Base-platten
Pulley

Support-platten

Fig. 4-26: Enhanced “carrier test setup” suitable for wet friction characterisation

In order to control testing environment, the new test setup (see Fig. 4-26) can be
mounted on a universal testing machine and enclosed within an environmental cham-
ber. This enables the application of test speeds up to 400 mm/min and temperatures up
to 350°C. The load applied on the carrier can also be varied. Three levels can be se-
lected: about 5 kPa (basic configuration), about 8 kPa (intermediate configuration) and
about 11 kPa (full configuration). Frictional forces can be accurately measured via a
load cell connected to the universal testing machine. To ensure efficient specimen re-
placement, as well as easy mounting/dismounting operations, the new test setup has a
modular assembly composed of three distinct bodies:

e The base-plate body,
e The specimen-plate body,
e The carrier body.
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Pulley assembly Toogle clamp assemblies

Pulley assembly

] Base-platten
Toogle clamp assemblies

Fig. 4-27: Isometric view of the base-plate body (adapted from [S6])

The base-plate body consists of a base-platen, four pull-push toggle clamp assemblies,
and two pulley assemblies (see Fig. 4-27). The base-plate body aims to carry both the
specimen-plate and the carrier bodies. Once mounted on the universal testing machine,
the base-plate body remains fix, even during specimen replacement. To lightweight the
assembly, the bottom side of the base-platen is machined with cut-outs (see Fig. A-7
left in Appendix d).

Screw

Toggle lever
Flat plates &8

Fig. 4-28:  Isometric view of the pull-push toggle clamp assembly (adapted from [S6])

Pull-push toggle clamp assemblies are composed of a commercially available toggle
lever [197] and two plates screwed together (see Fig. 4-28). Their role is to clamp
specimens laying on the specimen-platen (see Fig. 4-30). Their design enables (i) rapid
load application/release via toggle levers and (ii) clamp height adjustments via a sim-
ple but efficient concept consisting of two plates screwed together. Clamp height ad-
justments are essential to ensure optimum contact with specimens.

Inner locking ring

‘
—— Pulley shaft
Pulley

Fig. 4-29:  Exploded view of the pulley assembly (adapted from [S6])

Outer locking ring

Axis blocker 4~

Ceramic bearing

Pulley assemblies are composed of a shaft, a pulley, a bearing, outer and inner rings
and an axis blocker (see Fig. 4-29). In the scope of this work, commercially available
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ceramic bearings are considered because of (i) their heat-resistance capabilities (up to
400°C) and (i1) their low friction [198]. To ensure the pulley assembly not to twist and
thus, remain straight, axis blockers are used.

Toogle clamp assembly

Guiding walls

Specimen-platen

\

\
Alignment pin \ Pulley assembly

Fig. 4-30:  Isometric view of the specimen-plate body (adapted from [S6])

The specimen-plate body consists of a base-platen, referred to as specimen-platen, a
pull-push toggle clamp assembly, two guiding walls and a pulley assembly for the wire
(see Fig. 4-30). The role of the specimen-plate body is to hold the specimen located
onto the specimen-platen and support the carrier while sliding. One of the particulari-
ties of this body is the presence of guiding walls. These ensure the carrier to be pulled
straight during testing. To ease sliding on the walls, the carrier is equipped with four
“wheels” (see Fig. 4-31 and Fig. 4-32). In a similar manner as for the base-platen, the
bottom side of the specimen-platen is machined with cut-outs to reduce weight (see
Fig. A-7 right in Appendix d).

For specimen replacement, the whole specimen-plate body needs to be taken out of the
environmental chamber. The specimen positioned on top of the specimen-platen is
replaced after having dismounted guiding walls, which are just fixed by pins. The tog-
gle clamp onto the platen ensures the specimen not to move during transfers. Once the
specimen-platen is properly mounted onto the base-platen (alignment is verified by
two pins), the four toggle clamps located on the base-platen are lowered onto the spec-
imen located onto the specimen-platen.

Screw
Attachments for positioning rods

= Additional weigths

Wheel assemblies ——

__—— Attachment hook

Carrier —

Fig. 4-31:  Isometric view of the carrier body (adapted from [S6])
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The carrier body is composed of a carrier, an attachment hook to connect the wire, four
wheel assemblies, two attachments for positioning rods, two additional weights and a
screw (see Fig. 4-31). By considering the carrier as such or adding additional weights,
three different load levels can be selected. Wheel assemblies are developed similarly to
pulley assemblies (see Fig. 4-29). In particular, ceramic bearings are also used. To en-
sure the carrier to be placed in a reproducible manner, positioning rods are also fore-
seen (not shown in Fig. 4-31). Their usage is illustrated in Fig. A-8 (see Appendix d)
when the carrier body is positioned on top of the specimen-platen. The role of the car-
rier body is to carry the specimen located below the carrier. As shown in Fig. 4-32, the
specimen is fixed by means of attachment plates.

Carrier N T Screw
Distance plates holder : —— Additional weigths
Wheel assemblies —. \\ & IS5 4
X o Attachment positioning rod
P ~__——— Attachment hook
b v " 4

-

Specimen attachment plate

Fig. 4-32:  Exploded view of the carrier body (adapted from [S6])

In order to be mounted below the carrier, the specimen needs to be formed into carrier
geometry. To ease preparation and ensure good reproducibility, a dedicated tooling is
developed (see Fig. 4-33). The specimen is formed when the flat piece of material is
forced by a hood, which has female carrier geometry, to comply with carrier shape.
Specimens of different thicknesses can be prepared by adjusting the distance between
the hood and the male mould with a screw. Energy to heat thermoplastic specimens
needs to be brought externally, e.g. by means of a heat gun (see Appendix e).

Handle
Female mould (hood)
Male mould
(carrier geometry)
Clamp

Adjustment screw ——

Fig. 4-33: Tooling for specimen preparation (adapted from [S6])
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To prevent corrosion, the new friction test setup and specimen preparation tooling are
manufactured with stainless steel. The wire used to pull the carrier, as well as the tog-
gle levers, is also made out of stainless steel.

Given that the presented test setup meets both wet friction requirements and recom-
mendations made by Sachs et al. [93], it is applied to the characterisation of tool/film,
ply/ply and film/ply interactions. Investigations are conducted, to the best possible
extent, under similar environmental conditions as forming occurs.

4.3.3 Experimental results

According to the thermoforming process considered in Chapter 6.1.1, contacts between
treated separation film/tool surface, thermoplast/thermoplast and treated separation
film/thermoplast have to be investigated. Most of the content of this section, including
text and figures, is based on [K11 and S8].

4.3.3.1 Treated separation film/tool

Separation film specimens are prepared from the same polyimide film [192] and treat-
ed with the same release agent as used for thermoforming experiments [199] (see
Chapter 6.1.1). The tool surface is represented by the stainless steel bottom surface of
the carrier.

Given that treated separation film/tool interactions are isotropic, tests are conducted
with and without guidance walls to investigate their influence on measurement results.
Experiments are also performed at different test speeds and pressure levels. Because of
inaccuracies in the manufacturing of some wheel shafts (component similar to this
presented in Fig. 4-29), wheels located on the right hand side of the carrier do not roll
on the wall, but block and slide, which generates significant friction. To overcome this
issue within a limited amount of time, tests with guidance walls are not performed with
two but only one guidance wall, i.e. this located on the left-hand side of the carrier.
The test matrix is presented in Tab. 4-8.

Tab. 4-8: Test matrix for treated separation film/tool contact characterisation

4.83 kPa 7.98 kPa 11.14 kPa

100 mm/min
100 mm/min 100 mm/min

Without walls 200 mm/min
300 mm/min 300 mm/min

300 mm/min

100 mm/min 100 mm/min
With left wall  Not investigated
300 mm/min 300 mm/min
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Each configuration is tested after five minutes soaking time at 280°C and repeated
three times. Release agent is applied only once per configuration. Therefore, only the
first experiments can be used to describe the frictional behaviour seen by the tooling
during thermoforming. The other two repetitions can be used to investigate the influ-
ence of release agent on contact behaviour.

T T T T T T

Typical friction test result
— — — - Average frictional force

Frictional force [N]

0 1 1 1 1 1 1
0 20 40 60 80 100 120

Crosshead displacement [mm]

Fig. 4-34:  Typical outcome of a treated separation film/tool surface friction test

A typical outcome of a friction test performed between a metallic tool surface and a
treated separation film is presented in Fig. 4-34. Experimental results show that the
frictional force increases until it reaches a sort of steady state. Since no distinct peak is
observed, both static and kinetic friction coefficients seem to be in the same order of
magnitude. Therefore, friction coefficient uwo is derived according to equation (2-1),
i.e. as the ratio of the average force measured by the load cell Fu. and the normal force
acting on the carrier N:

Htool = % (4-10)
Experimental results presented as friction coefficients calculated according to equation
(4-10) are presented in Tab. 4-9. All friction coefficients increase with the number of
repetitions. This increase is correlated with the reduction of release agent quantity.
Every time the carrier slides on the film, the amount of release agent diminishes be-
cause some of it remains on the bottom of the carrier. Therefore, the more tests, the
less release agent and thus, the higher the friction. Interactions involving treated sur-
faces were also investigated by Murtagh and Mallon who reported that the application
of release agent eases interactions [82]. Although the authors investigated the contact
between a treated metallic surface and a molten thermoplastic composite material, their
observations are in good agreement with these presented in this study. However, the
authors also showed friction coefficients to increase with test speeds. This effect,
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which is not noticed in the present case, is assumed to be solely due to the presence of
molten thermoplastic resin in their experiments. Given that no clear correlation with
test speed and pressure is observed, friction coefficients presented in Tab. 4-9 are con-

sidered to be test speed and pressure independent.
Tab. 4-9: Friction coefficients between treated separation film and tool surface calculated
according to equation (4-10) for experiments performed without wall. Numbers in
brackets correspond to the friction coefficients calculated for experiments performed

with the left wall
4.83 kPa 7.98 kPa 11.14 kPa

Test #1 0.199 0.244 (0.234)  0.117 (0.133)

100 mm/min  Test #2 0.291 0.305 (0.341) 0.138 (0.215)
Test #3 0.311 0.344 (0.373)  0.251 (0.208)
Test #1 0.195

Not Not
200 mm/min  Test #2 0.241
investigated  investigated

Test #3 0.286
Test #1 0.212 0.127 (0.200)  0.101 (0.190)

300 mm/min  Test #2 0.242 0.166 (0.289)  0.107 (0.230)
Test #3 0.285 0.180 (0.366)  0.184 (0.285)

Because release agent is applied once per configuration, only results obtained with
“fresh” release agent can be taken into account for characterisation purposes. There-
fore, only results referred to as “Test #1” are considered. To investigate the influence
of guidance wall on measurements, average friction coefficients calculated for experi-
ments performed with and without walls are presented in Tab. 4-10.

Tab. 4-10:  Average friction coefficients between treated separation film and tool surface calcu-

lated for “fresh” friction test results (tests #1 in Tab. 4-9)

Without wall With left wall Influence
[-] [-] [Yo]
Average friction coefficient 0.171 0.189 110.84
(standard deviation) (+0.055) (+0.042) '

Results obtained for tests performed with a guidance wall overestimate the actual fric-
tion coefficient. This effect, which has to be taken into account in the analysis of sub-
sequent friction test results, is to be imputed to the contact existing between the wheels
of the carrier and the wall.
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4.3.3.2 Thermoplast/thermoplast

Investigations of the inter-ply slip in unidirectional thermoplastic laminates require
intensive specimen preparation. In a first step, flat specimens are prepared from con-
solidated tailored thermoplastic composite blanks (see Chapter 1.1). While specimens
to be clamped onto the specimen-platen are flat, specimens to be fixed below the carri-
er must be formed (see Appendix e).

Pretrials performed above melting temperature showed that the carrier specimen ripped
off because of (i) insufficient clamping force and (i1) important adhesion with the other
molten specimen. Modifications made to prevent specimen slippage and improve
clamping capabilities consisted in the addition of a metallic plate behind the carrier
and supplementary screws on the specimen attachment plates (see Appendix e). De-
spite these improvements, only experiments with the lowest pressure could be properly
conducted (about 5.15 kPa). To investigate fibre orientation and test speed dependen-
cies, experiments are performed with three different pairs of fibre orientations and test
speeds. Orientations are given with respect to the movement of the carrier, i.e. pulling
direction. When the fibre direction is aligned with the carrier motion, this is considered
as “0°”. Each configuration is repeated three times with new specimens for each repeti-
tion. Tests are carried out after five minutes soaking time at 280°C with only one guid-
ance wall. The test matrix is presented in Tab. 4-11.

Tab. 4-11:  Test matrix for inter-ply contact characterisation

0°/0° 0°/90° 90°/90°

100 mm/min 100 mm/min 100 mm/min
5.15 kPa 200 mm/min 200 mm/min 200 mm/min

300 mm/min 300 mm/min 300 mm/min

A typical outcome of a friction test performed between two molten thermoplastic spec-
imens is presented in Fig. 4-35. The weak behaviour within the first 30 mm of the
crosshead displacement corresponds to the straightening of the stainless steel wire.
Once the wire is under tension, experimental results show that the force reaches a peak
before decreasing to a constant level. Such behaviour is in good agreement with obser-
vations made by other researchers [43, 67, 82, 90, 200]. According to Murtagh and
Mallon [82], who investigated interactions between molten thermoplastic composite
materials and a metallic surface, this overshoot reflects the development of an adhesive
bond created by the combination of heat and pressure. In the present study, such a
phenomenon is also assumed to occur because of the pressure applied on the speci-
mens during heat up, which lasts for at least 30 minutes. However, as reported by
Sachs [43], the force overshoot could also be due to non-linear viscoelastic effects
caused by flow start-up [81] or slip relaxation effects [201].



78 Material characterisation

40 - .

Peak force
35 A~ -

w
o
T
1

N
[&)]
T
1

Constant level

N
o
T
1

Frictional force [N]

—_
[&)]
T

1

O 1 1 1 1 1 1
0 20 40 60 80 100 120

Crosshead displacement [mm]

Fig. 4-35:  Typical outcome of a molten thermoplastic/molten thermoplastic friction test
Example given for 0°/0° and a test speed of 200 mm/min.

If the peak force is associated with a yield shear stress calculated according to equation
(4-11) [43, 67, 82, 90, 200], this value can be associated to the shear strength required
to break such adhesive bonds and thus, initiate motion (see Chapter 2.2.5). Inter-ply
shear stresses 7y are calculated as the ratio between the frictional force measured by
the load cell Fji and nominal specimen area A (77 x 40 mm?):

F fric
Tric =~ (4-11)
In the following, peak and steady-state shear stresses calculated according to equation
(4-11) are analysed separately, in particular their dependencies to test speeds and fibre
orientations. Because of experimental difficulties, only two out of three repetitions are
considered for tests performed at 100 mm/min.

Peak shear stress

The evolutions of peak shear stresses with respect to test speeds for different fibre ori-
entations are presented in Fig. 4-36 and Fig. 4-37. For all configurations, peak shear
stresses increase with test speeds. This in good agreement with observations made by
Sachs [43] and Vanclooster [200]. The dependency of peak shear stresses to test
speeds is assumed to be mainly due to the viscous behaviour of the adhesive bonds
described by Murtagh and Mallon [90].
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Fig. 4-36:  Evolution of peak shear stresses with respect to test speed in a 0°/0° configuration
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Fig. 4-37:  Evolution of peak shear stresses with respect to test speed
Left: 0°/90° configuration; Right: 90°/90° configuration.

While peak shear stresses measured for 0°/90° and 90°/90° configurations have similar
order of magnitudes, these are quantitatively smaller than the peak shear stresses
measured for the 0°/0° configuration. In a similar manner as for adhesive joints [202],
weaker behaviour observed for configurations with at least one 90° specimen is as-
sumed to be caused by the lack of reinforcement in strain direction, i.e. no fibre
aligned with load introduction.

Steady-state shear stress

The evolutions of steady-state shear stresses with respect to test speeds are presented
in Fig. 4-38 and Fig. 4-39 for different fibre orientations. For all configurations, these
decrease and level off as test speeds increase. This behaviour is in good agreement
with literature for tests conducted at low pressure values [43]. Sachs, who investigated
interactions between a metallic foil and molten thermoplastic composite materials,
attributed this decrease to a contraction and/or discontinuity of the inter-layer resin
film [43]. If experiments would be performed at higher pressures, steady-state shear
stresses would rather increase before levelling off [43, 82].
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Fig. 4-38:  Evolution of steady-state shear stresses with respect to test speed in a 0°/0° configu-
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Fig. 4-39:  Evolution of steady-state shear stresses with respect to test speed
Left: 0°/90° configuration; Right: 90°/90° configuration.

Steady-state shear stresses for 0°/0° tests are found to be higher than these measured
for 0°/90° and 90°/90° experiments. Murtagh and Mallon, who investigated interac-
tions between molten thermoplastic composites, related this behaviour to the viscosity
of the arrangement, which is larger in parallel-plied layups (0°/0°) than in 0°/6° con-
figurations (with 0 # 0) [82]. That parallel plied layups are more resistant to slip than
0°/90° configurations was also reported by Scherer and Friedrich [67].

Scherer and Friedrich reported that frictional forces in 90°/90° configurations were
higher than these in 0°/0° configurations [67], which is inconsistent with the test re-
sults illustrated in Fig. 4-38 and Fig. 4-39. However, presented measurement data for
90°/90° and, to some extent, for 0°/90° should be considered carefully. Because of the
lack of reinforcement in strain direction and the motion of the carrier, local ply tearing
in 90° specimens is observed (see Chapter 4.5). Such “bulk” deformations, which were
also evidenced by Scherer and Friedrich for 90°/90° configurations [67], complicate
and influence the characterisation of configurations having at least one 90° specimen.
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Input for thermoforming simulation

Because interactions in PAM-FORM cannot be modelled via force-displacement
curves such as these presented in Fig. 4-34 and Fig. 4-35 but can only be implemented
via constant parameters FRICT (see Chapter 3.3.2), friction coefficients must be de-
termined. According to Lebrun et al. [90], friction coefficients u can be calculated as
follows:

= 4-12
Ufric N ( )

where g 1s the pressure applied on the carrier (about 5.15 kPa), Fj.c is the frictional
force and N is the normal force, i.e. carrier load.

Results displayed in Tab. 4-12 present static and kinetic friction coefficients corre-
sponding to peak and steady-state shear stresses, respectively (see Chapter 2.2.5).
These are calculated according to the regressions determined from experimental test
results for the same test speed as this used for thermoforming experiments, i.e. 50
mm/min (see Chapter 6.1.1). Results reflect “true” inter-ply friction coefficients since
friction generated by carrier wheels during motion have been taken into account and
subtracted from measurement data (10.84%, see Chapter 4.3.3.1).

Tab. 4-12:  Inter-ply static and kinetic friction coefficients calculated for S0 mm/min

0°/0° 0°/90° 90°/90°
Static f.rlctlon 1,303 0.824 0.776
coefficient [-]

Kinetic friction 0.956 0.709 0.436

coefficient [-]

4.3.3.3 Treated separation film/thermoplast

Separation film specimens are prepared from the same polyimide film [192] and treat-
ed with the same release agent as these used for thermoforming experiments [199] (see
Chapter 6.1.1). Thermoplastic specimens are fixed below the carrier and prepared as
presented in Appendix e.

The strong adhesion between molten thermoplastic specimens and treated films pre-
vent proper characterisation. Although the carrier has been reworked to enhance
clamping capabilities (see Chapter 4.3.3.2), none of the experiments can be successful-
ly conducted. Based on the maximum force recorded by the load cell before the speci-
mens rip off, static friction coefficient, calculated according to equation (4-12), can be
assumed to be at least equal to 2.5.
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4.4 Characterisation of a non-cured
unidirectional thermoset composite material

According to the goals of this doctoral dissertation (see Chapter 1.2), a non-cured
thermoset composite tape is tested under environmental forming conditions to assess
whether the test methods considered for molten thermoplastic materials are also suita-
ble for the characterisation of this type of materials. Investigations are performed using
similar procedures as detailed in Chapter 4.1.

In the scope of this study, a non-cured unidirectional carbon fibre thermoset pre-
impregnated tape qualified for aerospace applications supplied by Hexcel is considered
and tested under environmental forming conditions, i.e. 60°C. The material has a nom-
inal thickness of about 0.26 mm. In a similar manner as thermoplastic tapes, specimens
are prepared from unidirectional tailored blanks laid by an ATL machine.

4.4.1 Intra-ply shear

Intra-ply shear investigations are conducted with the same three approaches as these
considered in Chapter 4.1.1: (1) a picture frame test setup, a rotational rheometer using
(i1) a parallel platens measuring system and (iii) a torsion bar arrangement.

4.41.1 Picture frame test setup

Single layer specimens are brought into the frame at room temperature and tested at
60°C (see Fig. 4-40). A proper positioning is achieved when fibres are parallel to their
respective side lengths. Given the lack of reinforcement in one direction, specimens
are only clamped on two sides, i.e. perpendicular to fibre direction. Once clamped,
specimens have a free area of 200 x 150 mm?. Experiments are performed at test
speeds of 50, 100 and 200 mm/min.

Unidirectional
thermoset specimen

Temperature sensor

Fig. 4-40:  Non-cured unidirectional thermoset specimen clamped in a picture frame setup,
mounted in a testing machine and enclosed within an environmental chamber

In a similar manner as for unidirectional thermoplastic specimens (see Chapter
4.1.1.2), picture frame tests lead to the early occurrence of out-of-plane wrinkles. For
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large displacements, i.e. shear angles, specimen failure is even observed. In particular,
transverse ply tearing is noticed (see Fig. 4-41). Such observations are in good agree-
ment with investigations performed by Leutz [128]. Winkles and failure are due to
clamping, which prevents fibres to rotate (see Fig. 4-41), and weak specimen integrity.
The typical evolution of a picture frame test is presented in Fig. 4-42.

Ply tearing

Tow bending

Fig. 4-41:  Transverse ply tearing and tow bending within a sheared specimen (final state)

Fig. 4-42:  Typical evolution of a picture frame test of a non-cured unidirectional thermoset
specimen
From left to right: specimen at rest, specimen after about 5 mm displacement, specimen
after about 40 mm displacement, final position.

4.4.1.2 New rotational parallel platens test setup

The experimental results presented in this section have been generated in the context
of the following Term Project [S7].

Investigations are conducted with the same rotational rheometer as this introduced in
Chapter 4.1.1.3 (MCR 302, Anton Paar) and the same test method as presented in Ap-
pendix b. Compared to these experiments, few differences are, however, to be noticed:

e Instead of an environmental chamber, experiments are performed with a Peltier
temperature control unit (see Fig. 4-43),

e Instead of laying specimens on a bottom platen, specimens are laid inside a
cup,

e Top platen and lower cup are not changed after every test.
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Peltier temperature
control unit

Fig. 4-43:  Rotational rheometer used with a Peltier temperature control unit

Rectangular single layer specimens are laid onto the lower cup while temperature is
already at 60°C. Once isothermal conditions are reached, the top platen is lowered to a
specific gap thickness, i.e. 0.16 mm, to ensure good contact with the specimen. Oscil-
latory tests are started five minutes after the selected gap thickness is reached.

Non-impregnated
area

Impregnated
area

Backing

Fig. 4-44:  Microscopy from a non-cured unidirectional thermoset specimen [S7]

Because of inconsistent test results, material microstructure is investigated using a ste-
reo microscope (SZX10, Olympus). Microscopy analysis highlights non-uniform mate-
rial through-thickness impregnation (see Fig. 4-44). Given that such material configu-
ration prevents the even distribution of shear deformations throughout the specimens,
the rotational parallel platens test setup cannot be considered to characterise this non-
cured unidirectional thermoset pre-impregnated composite material.

4.4.1.3 Torsion bar test method

The experimental results presented in this chapter have been generated in the context
of the following Term Project [S10].

Investigations are conducted with the same rheometer as this presented in Chapter
4.1.1.3 (MCR 302, Anton Paar). Experiments are performed within an environmental
chamber with low flow of nitrogen. Prismatic bars with rectangular cross-section are
prepared. The dimensions of the specimens are 60 (L) x 13 (W) x 12 (T) mm, where L
in the dimension in fibre direction, W is the dimension transverse to the fibre direction
and 7 is the thickness. Because material is soft and tacky at room temperature, speci-
mens are prepared when material is still in its frozen state. Despite this precaution,
local inter-ply shear is noticed at specimen edges (see Appendix f).
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Non-cured unidirec-
tional thermoset
Temperature

specimen
sensor

Environmental
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i

Fig. 4-45:  Unidirectional fibre-reinforced thermoset composite specimen enclosed within an
environmental chamber and mounted in a rheometer for torsion tests

Specimens are positioned while the environmental chamber is already at testing tem-
perature, i.e. 60°C (see Fig. 4-45). Investigations performed with thermocouples posi-
tioned in the inner and outer sides of the specimens showed a soaking time of ten
minutes to be sufficient to reach isothermal conditions.

Amplitude sweeps are performed from 10% to 1% of strain at three angular frequen-
cies (1 rad/s, 100 rad/s and 100 rad/s). Results illustrated in Fig. 4-46 are the average
values of the storage modulus calculated over five repetitions. An average error of
about 22% is to be reported. The LVE region ends when a dynamic viscoelastic func-
tion, e.g. storage modulus, deviates by maximum 10% from a constant value [169,
170]. To be conservative, although the shear strain indicating the end of the LVE re-
gion ymax 1s calculated for all angular frequencies, only the lowest value is eventually
considered, i.e. 1.5 x 10°%.

Ymax= 1.5x10°%

—0—1 rad/s

ol . —&®—10rad/s |
't LVE region v 100 rad’s

107? m ]

108 | E

Storage modulus [Pa]

105 b s s s s
10 103 102 107 10°
Deformation [%]
Fig. 4-46:  Average amplitude sweep test results of non-cured unidirectional thermoset pre-
impregnated composite specimens

Investigations performed at 1 rad/s, 10 rad/s and 100 rad/s.
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Once the limit of the LVE region is determined, frequency sweeps are carried out. To
perform tests at the highest strain possible, experiments are performed at ymax. Angular
frequencies are varied from 0.1 rad/s to 500 rad/s. Results illustrated in Fig. 4-47 are
the average values of the storage and loss moduli calculated over five repetitions. With
an average error of 9% for the storage modulus and 7% for the loss moduli, an overall
good reproducibility is to be reported.
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Fig. 4-47:  Average frequency sweep test results of non-cured unidirectional thermoset pre-
impregnated composite specimens
Investigations performed at 1.5 x 10-% of strain.

Following the method detailed in Appendix b and initially described by Haanappel and
Akkerman [62, 66], frequency sweep results are used to determine shear relaxation
modulus G, (see Fig. 4-48). To account for “true” material behaviour, loads caused by
internal machine friction are subtracted from measurement data. Measurement data for
both the lowest and highest angular frequencies are discarded to avoid boundary ef-
fects. The longitudinal shear relaxation modulus is eventually calculated using the fi-
nite difference scheme introduced by Schwarzl et al. [165] and Schwarzl [166] (see
equation (A-18) in Appendix b).
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Fig. 4-48:  Approximated shear relaxation modulus of a non-cured composite material



Material characterisation 87

Shear stresses are eventually calculated according to equation (A-19) (see Appendix
b). Results are presented in Fig. 4-49 for three different shear rates. The maximum
shear rate is calculated using equation (A-20) (see Appendix b) with y = yu. (end of
the LVE region) and @ = 320 rad/s (sweeps are performed up to 500 rad/s but, to avoid
boundary effects, first and last data are not taken into account). Although a slight rate
dependency is noticed, results highlight elastic dominated behaviour. These observa-
tions are similar to these reported for the thermoplastic material (see Chapter 4.1.1.4).

T T T T T T T T
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400 [ Measurement at 0.0025 1/s s
Measurement at 0.005 1/s

350

300

Shear stress [Pa]
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Fig. 4-49:  Stress-strain response of a non-cured unidirectional thermoset pre-impregnated tape
subjected to longitudinal shear deformations

4.4.2 Out-of-plane bending

According to preliminary experimental (see Chapter 4.1.2.1), longitudinal out-of-plane
bending behaviour is investigated using a DMA system with a three-point bending
fixture of 20 mm span length and specimens of 1 mm thickness.

Specimens are positioned in the machine at room temperature (see Fig. 4-50). The
alignment of the sample is appropriate when the width of the specimens is parallel to
the clamps/support. A good positioning is essential to avoid unsymmetrical loading. A
preload force of 0.001 N is applied. Specimens are then heated to testing temperature,
1.e. 60°C, at a heating rate of 10 K/min. Flowing nitrogen is used to regulate tempera-
ture. While heating up, the machine is forced to keep a neutral displacement in order
not to alter the quality of the specimens. To ensure a homogeneous temperature distri-
bution within the specimen, tests are performed ten minutes after isothermal conditions
are reached. Finally, quasistatic tests are carried out at forming temperature for four
different test speeds comprised between 500 pm/min and 4000 pm/min in order to
characterise the longitudinal out-of-plane bending behaviour of this non-cured unidi-
rectional carbon fibre-reinforced thermoset pre-impregnated composite material.



88 Material characterisation

Non-cured unidirectional
thermoset specimen

DMA three-point

bending tool

Fig. 4-50:  Non-cured unidirectional thermoset specimen mounted in a DMA three-point bend-
ing tool (20 mm)

Stress-strain data are determined according to equations (4-1) and (4-2), respectively.
Results presented in Fig. 4-51, which highlight slight viscous behaviour, are the aver-
age values calculated over at least five repetitions. Inconsistencies for low strain val-
ues, e.g. stresses calculated for 4000 pm/min are smaller than these calculated for 2000

um/min, are caused by machine acceleration. Details about machine acceleration can
be found in [P2].
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Fig. 4-51:  Average bending stress-strain results of non-cured unidirectional thermoset speci-
mens (investigations performed at 60°C for different test speeds)

Standard deviations of the stresses presented in Fig. 4-51 are given in Tab. 4-13 for
different strain values. An overall good reproducibility is to be acknowledged, alt-
hough standard deviations are slightly larger than for thermoplastic specimens. This is
to be imputed to specimen preparation. Because material is soft and tacky at room
temperature, specimens are more subjected to fibre reorientations (see Appendix g).
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Tab. 4-13:  Standard deviations of the stresses presented in Fig. 4-51

500 1000 2000 4000
pm/min - pm/min - pm/min - pm/min

Stress standard
deviation [%] 9.681 7.387 15.096 18.645

at £=0.0075

Stress standard
deviation [%] 9.094 8.140 10.668 9.774

at£=0.015

Stress standard
deviation [%] 8.338 7.837 10.872 8.552

at £=0.0225

Due to the acceleration of the machine, only the last third of data recorded by the
DMA system are used to calculate out-of-plane bending moduli [P2]. Calculations are
performed according to equation (4-3).
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Fig. 4-52:  Strain rate dependency of the longitudinal out-of-plane bending modulus of a non-
cured unidirectional thermoset composite material (60°C)

The evolution of the longitudinal out-of-plane bending modulus with respect to strain
rates is displayed in Fig. 4-52. Correlations between test speeds (input given to the
DMA system) and strain rates are calculated according to equation (4-4) and presented
in Tab. 4-14 for specimens of ideal geometries (20 mm length, 15 mm width and 1 mm
thickness). Data scattering and standard deviations for tests conducted at 4000 um/min
indicate the difficulty encountered by the machine to accurately apply such a test
speed. This test speed seems to be the limit of the machine.
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Tab. 4-14: Equivalence between test speeds and strain rates for specimens of ideal geometry

Test speed

. 500 1000 2000 4000
[pm/min]

Strain rate

125x10*% 25x10% 5x10% 1x107°
[1/s]

Vertical errors are due to the material non-linear stress behaviour (see Fig. 4-51) and
the fact that calculations are performed over the last third of the measurements. A
maximum error of 11% is to be reported. Results are found to satisfy a power-law ap-
proximation within the range of data:

Ep = 55.98- &5 (4-13)

4.4.3 Transverse tension

Most of the content of this section, including text and figures, is based on [P3].

In-plane transverse tensile properties are characterised using a universal testing ma-
chine, on the one hand, and a DMA system, on the other hand. The aim is to assess the
relevance of the DMA test method introduced in Chapter 4.1.3.2. For comparison pur-
poses, experiments are conducted under similar environmental conditions, i.e. 60°C.

Specimens of 200 (L) x 40 (W) x 1 (T) mm?® for the tensile testing machine and of 6.5
(L) x 23 (W) x 1 (T) mm? for the DMA system, where L is the length in fibre direction,
W is the dimension transverse to fibre direction and 7 is the thickness, are prepared at
room temperature from defrosted unidirectional tailored blanks. To protect DMA
clamps, specimen tips are wrapped in aluminium tapes (see Fig. 4-53 left). Because of
the soft and tacky aspects of the material at room temperature, specimens are subjected
to fibre reorientations (see Appendix h). This effect is, however, not further investigat-
ed in the present study.

Fibre orientation a -

Aluminium tape

23 mm . .
Non-cured unidirectional

) § !'.
thermoset specimen
|

o IRl

Fig. 4-53:  Non-cured unidirectional thermoset specimen whose tips are wrapped in aluminium
tapes (left) and non-cured unidirectional thermoset specimen mounted in a DMA
system (right)
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The universal testing machine and the environmental chamber considered for these
analyses are the same ones as those used for the investigations detailed in Chapter
4.1.3.2. To avoid the introduction of any pre-tension, specimens are clamped at room
temperature on the upper clamp. They are subsequently brought into the environmental
chamber and fixed to the lower clamp. A good positioning of the specimen is achieved
when an initial free test length of 20 mm is achieved (10 mm clamping on each side)
and when the specimen’s fibre orientation is parallel to the side length of the clamps.
When testing temperature is reached, an appropriate soaking time (evaluated using
thermocouples) of ten minutes is applied. Quasi-static tests are eventually carried out
at 5 mm/min, 25 mm/min, 75 mm/min, 150 mm/min and 300 mm/min. For each test
speed, five repetitions are performed.
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Fig. 4-54:  Typical stress-strain result of a non-cured unidirectional thermoset composite mate-
rial tested at 60°C with a universal testing machine (example given for 25 mm/min)

Specimens are positioned in the DMA system at room temperature and clamped with a
torque of 3 in.lb (0.34 N.m). The alignment of the sample is appropriate when the
specimen’s fibre orientation is parallel to the side length of the clamps (see Fig. 4-53
right). An initial free length of about 10 mm is to be reported. The furnace is subse-
quently closed and heated up to 60°C at a rate of 10°C/min. During the heating up
phase, the actuator is blocked to avoid undesirable effects. To ensure a homogeneous
temperature distribution, tests are performed ten minutes after isothermal conditions
are reached. In a similar manner as for molten thermoplastic specimens, due to unsuc-
cessful attempts at constant test speeds, tests are conducted at constant loading rates
(0.025 N/min, 0.05 N/min, 0.075 N/min, 0.100 N/min and 0.125 N/min). At least five
repetitions are performed for every configuration.

Typical results obtained with the universal testing machine and the DMA system are
presented in Fig. 4-54 and Fig. 4-55, respectively. Stresses and strains are calculated
according to equations (4-7) and (4-6), respectively.
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Fig. 4-55:  Typical stress-strain result of a non-cured unidirectional thermoset composite mate-
rial tested at 60°C with a DMA system (example given for 0.1 N/min)

Regarding measurements performed with the DMA system, although specimens al-
ways have an initial stiffness within the measuring range of the machine (see Chapter
4.1.2.1), their stiffness happen to drop below 10> N/m during testing. However, based
on the excellent reproducibility and consistency of the results, the introduced error is
assumed to be negligible.

Results illustrated in Fig. 4-54 and Fig. 4-55 depict similar material behaviour, which
can be split in three regions. The early weak behaviour is assumed to be caused by
several phenomena like (i) specimen straightening and/or (ii) specimen slippage. The
second zone corresponds to the actual phase where the material is characterised. The
third and last part coincides with failure. Deteriorations of the specimen’s integrity are
particularly well depicted by the change of slope (failure initiation) and the drop of
force, which eventually indicates specimen failure (see Fig. 4-54). Similar observa-
tions are made in Fig. 4-55, although the change of slope is not followed by a drop of
force but by a levelling off. This is due to the manner with which the DMA system is
controlled, i.e. constant loading rate (instead of constant test speed). The material de-
picts linear stress-strain response within regions 2 in Fig. 4-54 and Fig. 4-55. As the
ratio between engineering stress and engineering strain (see equations (4-7) and (4-6),
respectively) within linear regions, moduli are approximated as the slope of the tangent
of stress-strain curves. For comparison purposes between results obtained with the
universal testing machine and the DMA system, such moduli are derived as function of
test speeds and loading rates, respectively.

A particular drawback of performing experiments at constant loading rates is that test
speeds vary over time. For comparison purposes with results obtained at constant test
speeds (universal testing machine), “equivalent” test speeds have thus to be deter-
mined. To do so, test speeds measured by the DMA system over the region considered
for the determination of the moduli, i.e. regions 2 in Fig. 4-55, are averaged and con-
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verted to strain rates using the geometry of the specimens (measured with a 1 um accu-
racy). A mean error of about 11% is to be reported for such averaging operations.
Strain rates are subsequently averaged per test configuration (see Tab. 4-15 and hori-
zontal standard deviations in Fig. 4-56 right). For tests performed with the universal
testing machine, strain rates calculations are easier since experiments are performed at
constant test speeds (see Tab. 4-15).

®  Tensile testing machine ®  Tensile testing machine
v DMA system o2k v DMA system i
06 e Approximation Tensile machine, R?=0.99 | R N IR Approximation Tensile machine, R?=0.99
— — — - Approximation DMA system, R2-0.88 — — — - Approximation DMA system, R2-0.88

Transverse tensile modulus [MPa]
Transverse tensile modulus [MPa]

. . . . L . . . . . . . . .
0 0.05 0.1 0.15 0.2 0.25 0 05 1 1.5 2 25 3 35 4 45 5
Strain rate [1/s] Strain rate [1/s] x103

Fig. 4-56:  Evolution of transverse tensile modulus with respect to strain rate of a non-cured
unidirectional thermoset composite material tested at 60°C
Full curve (left) and close-up (right) comparison between results obtained with a universal
testing machine and a DMA system.

The evolution of moduli with respect to strain rates is used as basis for comparison. As
it can be seen in Fig. 4-56 left, both test methods produce similar results and depict a
distinct strain rate dependency. The maximum discrepancy between both methods re-
mains smaller than 10% for a strain rate of 0.25 1/s. Given that experiments obtained
with the DMA system are restrained to small strain rates (maximum 2.42 E-3 1/s, see
Fig. 4-56 right and Tab. 4-15), the error grows as data are extrapolated. This is a draw-
back of the presented test method since strain rates occurring during industrial ther-
moforming processes, and thus strain rates at which material characterisation tests
must be performed for the development of FE thermoforming simulations, can be par-
ticularly high. This disadvantage could be overcome by reducing the initial specimen
free length. Further analyses would be however necessary to investigate the influence
of clamping on such short specimens.

Results obtained by both test methods are globally consistent with each other and show
good reproducibility (see vertical standard deviations in Fig. 4-56). Inaccuracies intro-
duced by test speed averaging do not seem to have much influence on experimental
results. Although strain rates at which experiments can be conducted appear to be lim-
ited, the presented test method show good potential for the characterisation of trans-
verse tensile properties. The DMA system also proved to be a more efficient test
method offering a better control of environmental test conditions. Time saving is main-
ly due to reduced efforts to mount/unmount specimens.
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Tab. 4-15:  Average strain rates for investigations conducted on a non-cured unidirectional
thermoset composite material at constant loading rates (DMA system) and constant
test speeds (universal testing machine) — Standard deviations are also plotted in Fig.
4-56 (see horizontal bars)

Test Loading Average Standard
speed rate strain rate  deviation
[mm/min] [N/min] [1/s] [%]
- 0.025 6.66 E-4 9.51
- 0.05 1.13 E-3 10.76
DMA i 0075  1.54E3 15.48
system
- 0.100 2.05E-3 7.66
- 0.125 2.42 E-3 12.03
5 - 4.17 E-3 <0.01
25 - 2.08 E-2 <0.01
Universal
testing 75 - 6.25 E-2 <0.01
machine
150 - 1.25 E-1 0.051
300 - 2.50 E-1 0.106

4.4.4 Inter-ply slip

Inter-ply slip experiments are conducted with the test setup developed in the scope of
this doctoral dissertation and presented in Chapter 4.3.2. Investigations are performed
at 60°C for three different test speeds (25 mm/min, 100 mm/min and 300 mm/min) and
fibre orientations (0°/0°, 0°/90° and 90°/90°). Because thermoset composite materials
are soft at room temperature, specimen preparation is more efficient than with their
thermoplastic counterparts.

None of the experiments performed with the new friction test setup work properly. As
the pulling force increases, the carrier starts rotating around its attachment hook in-
stead of sliding (see Fig. 4-57). This behaviour, which becomes more significant as test
speed increases, is due to the high tackiness of the material and the usage of an at-
tachment hook. To prevent the development of a bending moment at the attachment
hook, the latter should be ideally located in the same plane as contact occurs. Howev-
er, since this is practically unachievable for “carrier test setups”, other approaches, e.g.
pull-out and pull-through apparatus, should be considered for the inter-ply slip charac-
terisation of non-cured thermoset materials.
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Fig. 4-57:  Schematic of typical carrier rotation observed during inter-ply slip investigations

Experiments performed at Fraunhofer Institute (Augsburg, Germany) with horizontal
pull-out and pull-through test setups give satisfactory results for certain configurations.
Results can, however, not be presented because investigations are still on-going.

4.5 Discussion

The work presented in this chapter aimed to:

e characterise under environmental forming conditions the intrinsic behaviour of
a unidirectional thermoplastic composite tape (UD-CF/PAG6) as well as a poly-
imide separation film and their respective interactions,

e assess whether the test methods applied to the molten fibre-reinforced thermo-
plastic composite material are appropriate for a non-cured unidirectional ther-
moset composite tape.

4.5.1 Benefits and limits of presented test methods

To determine proper input parameters for the development of FE thermoforming simu-
lations, the (i) intra-ply shear, (ii) out-of-plane bending and (iii) in-plane tensile behav-
iour of the unidirectional thermoplastic composite material considered in this study
(UD-CF/PA6) were investigated under environmental forming conditions. The compo-
site viscosity was subsequently determined using an analytical approach based on
transverse tensile test results. Because of the lack of methods and test standards pub-
lished in literature, several new test methods were developed.

First intra-ply shear investigations were performed with a picture frame test setup. Be-
cause of the early occurrence of out-of-plane wrinkles, no test results could be ac-
counted for material characterisation. In a second approach, experiments were con-
ducted with a rotational rheometer and a parallel platens test setup. Because of poor
equipment quality, test results could not be used for material characterisation. The con-
sideration of high-precision disposable platens should, however, enable the proper ap-
plication of this test method. In a third and last approach, the torsion bar test method
introduced by Haanappel and Akkerman [62, 66] was considered. The regulation of a
temperature of 280°C in a nitrogen-enriched atmosphere appeared to be difficult to
achieve because of equipment limits. Tests performed with sensors measured an actual
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specimen temperature of about 272°C [S10]. Although the resulting error cannot be
quantified, it can be considered negligible. Test results are in good agreement with
literature [62, 66] and highlight that material behaviour is dominated by elastic defor-
mations within the range of data. However, squeeze-out effects caused by clamping
conditions might have altered test results (see Fig. 4-58) [S10]. Future studies should
analyse these phenomena and precisely determine their influence.

Fig. 4-58:  Typical resin squeeze-out observed at the tip of a thermoplastic composite material
specimen after testing [S10]

Shear stress-strain results obtained for different shear rates at forming temperature are
well suited for the development of FE thermoforming simulations. Nevertheless, the
torsion bar test method should be extended to large deformations to investigate materi-
al behaviour at high shear rates and shear strain values.

Out-of-plane bending investigations were conducted with a new test method using a
DMA system in a quasi-static manner. The presented test method gave satisfactory
results, although only longitudinal out-of-plane bending behaviour could be character-
ised. Experiments performed with a three-point-bending test setup highlighted clear
material viscous behaviour within the range of data. Despite inaccuracies at low strain
values caused by machine acceleration, the presented test method offered good control
of testing parameters, i.e. temperature and test speeds. According to PAM-FORM re-
quirements, test results were eventually expressed as out-of-plane bending moduli.
Future investigations should focus on the feasibility to carry out tests at higher strain
rates and strain values. In this respect, dynamic testing could be considered.

Because longitudinal tensile properties do not need to be characterised, only transverse
tensile tests were carried out. Experiments were conducted with a new test method
using a DMA system in a quasi-static manner. Test results highlighted clear material
viscous behaviour within the range of data. In a similar manner as for out-of-plane
bending analyses, the machine demonstrated good ability to control testing parameters,
1.e. temperature and loading rates. However, because the DMA system was not able to
perform experiments at prescribed test speeds, characterisation had to be conducted at
prescribed loading rates. To be considered for FE thermoforming simulations, stress-
strain results will have thus to be converted to test speeds. Future studies should focus
on the feasibility to carry out tests at prescribed test speeds and, to the best possible
extent, at similar test speeds, i.e. strain rates, as these encountered during thermoform-
ing processes. In this respect, dynamic testing could also be considered.
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Transverse tensile test results were eventually used to evaluate composite viscosity.
Based on experimental evidences, the viscosity was assumed constant within the range
of data. The calculated viscosity will be considered for the development of FE ther-
moforming simulations, although it does not correspond to the shear viscosity (as re-
quired by PAM-FORM) but to the transverse elongational viscosity.

The method considering a DMA system to carry out quasi-static tensile tests was also
applied to characterise, under environmental forming conditions, the mechanical be-
haviour of the separation film considered in this study (polyimide film). Given that the
material was considered isotropic elastic, only tensile tests were performed. Although
the global response was non-linear, a Young’s modulus was derived from the early
linear, and assumed elastic, behaviour.

For the investigation of contact properties under regulated environmental conditions, a
new test apparatus based on the “carrier test setup” illustrated in [195] was developed.
The equipment can be mounted on a universal testing machine and enclosed within an
environmental chamber. This enables the application of test speeds up to 400 mm/min
and temperatures up to 350°C. The load applied on the carrier can also be varied. The
modular assembly of the new test setup ensures efficient specimen replacement as well
as easy mounting/dismounting operations.

Film/tool, ply/ply and film/ply interactions were investigated. Experiments performed
between a treated separation film and a tool surface gave satisfactory results. No par-
ticular dependency was observed. However, resistance to motion, i.e. friction, was no-
ticed to increase as the quantity of release agent decreased. Inter-ply investigations
highlighted a clear test speed dependency. However, because of clamping deficiency,
experiments could not be carried out with different levels of pressure. Also because of
clamping deficiency, frictional behaviour between treated separation films and ther-
moplastic plies could not be characterised.

Final carrier Initial carrier

position position
Local ply Clamping
tearing

E> "Eérnal fibre orientation I

Fig. 4-59:  Typical ply tearing observed in a 90° specimen-platen specimen (tearing on the left
hand side of the plate are caused by specimen removal after testing)
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To increase the integrity of the specimens, tests were conducted with cross-plied
layups, i.e. [902 02]s. Nevertheless, because of the lack of reinforcement in strain direc-
tion and the motion of the carrier, local ply tearing in 90° specimens was observed (see
Fig. 4-59). Kinetic frictional behaviour of 0°/90° and 90°/90° configurations could thus
only be evaluated over limited range of data.

Investigations performed in the same environmental conditions as friction tests oc-
curred, i.e. after five minutes soaking time at 280°C, evidenced a specimen tempera-
ture of about 235°C. This discrepancy is assumed to have only limited influence be-
cause temperature was still about 15°C above material melting point.

Future developments should focus on the improvement of clamping capabilities by
adding, for example, a subsequent component able to increase local pressure on the
carrier specimen. To carry out experiments at higher test speeds than 400 mm/min
without replacing the actual universal testing machine, a multi-step pulley assembly
system could be developed. To gain a better understanding of the mechanisms occur-
ring during inter-ply slip, microscopic analyses could be considered. Such investiga-
tions should give interesting information regarding the evolution of the inter-layer res-
in film thickness and the potential inter-fibre contacts. Static and kinetic friction coef-
ficients, which were eventually derived from experimental results, can be used for the
development of FE thermoforming simulations.

4.5.2 Investigation of a non-cured unidirectional
thermoset composite material

A non-cured unidirectional carbon-fibre thermoset pre-impregnated composite tape
qualified for aerospace applications was investigated using the same test methods as
these applied to the molten unidirectional thermoplastic composite tape (UD-CF/PA6)
to assess whether these are also appropriate for such materials. Experiments were car-
ried out under environmental forming conditions, i.e. 60°C.

First intra-ply shear investigations were conducted with a picture frame test setup. In a
similar manner as for its thermoplastic counterpart, the thermoset material started rap-
idly wrinkling. Ply failure (tearing) was even observed for large displacements. The
method using a rotational rheometer and a parallel platens test setup was also consid-
ered. Because of material non-homogeneous through-thickness impregnation, no prop-
er characterisation could be carried out. Eventually, experiments conducted with the
torsion bar test method were satisfactory. Like for the thermoplastic prepreg, results
highlighted an elastic dominated behaviour within the range of data. However, investi-
gations performed within a benchmark* showed that clamping conditions might alter
test results. This aspect should be further investigated in future studies.

4 Bilateral benchmark conducted between the Chair of Carbon Composites of the Technical University
of Munich and the Thermoplastic Research Center located in Enschede, the Netherlands.
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The test methods developed with the DMA system for longitudinal out-of-plane and
transverse tensile investigations were properly applied to the non-cured unidirectional
thermoset material. Experimental results highlighted smaller strain rate dependency
than for the thermoplastic material. These observations reflects the respective viscosi-
ties of the composite materials. Under environmental forming conditions, thermoset
resins are much less viscous than their thermoplastic counterparts [11].

Investigations of the inter-ply slip in non-cured unidirectional thermoset laminates
were conducted with the friction test setup developed in the scope of this doctoral dis-
sertation. Because of material tackiness and the occurrence of a bending moment at the
attachment hook, “carrier” test setups are not good candidate for such investigations.
Other apparatus, such as pull-out and pull-through test setups, should be rather consid-
ered.

Because of their soft and tacky aspects at room temperature, thermoset specimens were
more difficult to prepare than their thermoplastic counterparts. In particular, they were
found to be more subjected to defects induced by cutting and handling, e.g. local fibre
reorientation.

All experimental test results presented in this chapter, except those of the thermoset
material, will be used for the development of FE thermoforming simulations. They will
be essentially considered in Chapter 5 to calibrate, via an inverse method, material and
friction models.






5 Calibration of simulation models

Characterisation results presented in Chapter 4 are essential for the development of
thermoforming simulations. However, prior to modelling complete processes, conven-
ient material model parameters need to be identified. Although ESI Group ensures me-
chanical properties of its material model MAT 140 to be uncoupled (see Chapter
3.3.2), experience proves that coupling still occurs. As a consequence, characterisation
results cannot be directly considered as simulation input. Instead, experimental data are
used in an inverse approach. These analyses, also called “calibration analyses”, aim to
identify simulation input parameters which depict best material behaviour. To appre-
hend the occurrence of potential coupling, deformation mechanisms are examined sep-
arately. This is achieved by simulating same tests as these performed for material char-
acterisation, e.g. three-point bending test for out-of-plane bending.

The first part of this chapter details the identification of composite material model pa-
rameters (MAT 140). Investigations to identify MAT 101 parameters are subsequently
described. This material model is applied to separation films. Before results are even-
tually discussed, identification of tool/ply and ply/ply interaction parameters are pre-
sented.

5.1 Calibration of composite material model

The identification of composite material model parameters comprises longitudinal and
transverse tension, viscosity, longitudinal and transverse out-of-plane bending and in-
tra-ply shear properties.

5.1.1 Longitudinal tension and density

The software PAM-FORM is based on an explicit integration scheme. Unlike the im-
plicit approach, the explicit method considers a finite central difference rule to inte-
grate the equation of motion [114, 148]:

[M]{it}, + [K[{u}n = (P} (5-1)

where [M] is the mass matrix, [K] is the stiffness matrix, {ii} is the acceleration vec-
tor, {u} is the nodal displacement vector, {P} is the force vector and # is the number of
cycle at time 7, (after n4¢ time steps).

101
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In PAM-FORM, the time step A¢ for shell elements is calculated as follows [157]:

l
At = K.— (5-2)
c
where K is a constant scale factor equal to 0.9, / is the element side length and c is the

sound speed, which depends on the Young’s modulus £ and the mass density p [157]:
c= |— (5-3)

In the case of composite materials, where two tensile moduli are considered, the sound
speed c is dependent on the largest tensile modulus, i.e. the longitudinal one E;.

The time step plays a major role in explicit FE simulations. It governs the convergence
of the simulation model and the accuracy of the results. The smallest the time step, the
more accurate the results but also the longer the computational time. The selection of a
time step is therefore a trade-off between accuracy and computational effort. As first
assumptions, £; and p are considered as:

E; =10GPa and p=1.14x10"*kg/mm3 (5-4)

Longitudinal tensile properties E; are governed by tensile behaviour of carbon fibres
(about 200 GPa [11]). Since E; is much stiffer than all other material properties (see
Chapter 2.2.2), it can be scaled down, up to a certain extent, to decrease computational
time without influencing global mechanical behaviour. The density p presented in
(5-4) has been scaled by 100 compared to the value reported in the material data sheet
[31]. In explicit thermoforming simulations, the density does not play an important
role in the description of material behaviour. Therefore, it can be scaled, up to a certain
extent, to decrease computational time.

The relevance of both parameters will be further investigated once material model pa-
rameters have been identified (see Chapter 5.1.5).

5.1.2 Transverse tension and viscosity

Most of the content of this section, including text and figures, is based on [P3].

The identification of viscosity # and transverse tensile parameter E> is performed by
modelling DMA tensile tests (see Chapter 4.1.3.2). A unidirectional sample of 6.5 (L)
x 10 (W) x 2 (T) mm?®, where L is the length in fibre direction, W is the dimension
transverse to fibre direction and 7 is the thickness, is clamped on one side and pulled
on the other (see Fig. 5-1). In this model, fibres are oriented perpendicular to pulling
direction.
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Fig. 5-1: Experimental (left) and numerical (right) transverse tensile tests of a UD-CF/PA6
specimen

Boundary conditions are chosen in accordance with experimental data. In a first step,
virtual tests are performed at constant loading rates. During such experiments, test
speeds are not constant but vary (see Fig. 8).

Loading rate (DMA system) |
— @— - Test speed (DMA system)
—+— Test speed (simulation)

Loading rate [N/min]

Testing time [s]

Fig. 5-2: Typical test speed evolution of a transverse tensile test performed at a constant load-
ing rate with a DMA system
Example given for 0.125 N/min.

For each loading rate, experimental test speeds are approximated by bilinear curves
(see Fig. 5-2), imported into simulation models and used as kinematic boundary condi-
tions (see bottom nodes in Fig. 5-1 right).

As mentioned in Chapter 3.3.2, viscous behaviour is managed by a Maxwell element.
The identification of the viscosity # is performed via a sensitivity analysis based on
0.025 N/min test results. Viscosity was varied from 0.0001 to 0.004 GPa.ms, which is
the PAM-FORM viscosity calculated in equation (4-9).
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As it can be seen in Fig. 5-3, the higher the viscosity, the more non-linear material be-
haviour. The viscosity seems to mainly influence the initial step up of the curve. Based
on a trial-by-error approach, a value of 0.0012 GPa.ms was selected. Since transverse
viscosity can be considered as rate-independent (see Chapter 4.1.4.2), this value is kept
constant for the identification of £> parameters.
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Fig. 5-3: Sensitivity analysis performed for the identification of the viscosity parameter

The objective of this analysis is to identify, for each loading rate, the value of E> which
provides best fit of experimental data presented in Fig. 4-19. PAM-FORM offers the
possibility to treat £> as a curve or a constant value. In this study, to ease parameter
identification, constant £> values are sought. Investigations are conducted using a di-
chotomy approach with a step of 0.05 GPa. Results are compared using the least
square method, i.e. minimisation of the residual sum of squares SS;.s which is calculat-
ed as the squared sum of the difference between experimental data y; and simulation
values f;:

SSres = Z(yi — f)? (5-5)

Stress-strain experimental data are converted to force-displacement via equations (4-7)
and (4-6), respectively. Comparison between simulation and experimental results are
presented in Fig. 5-4. Simulation succeeds in depicting material behaviour tendencies
(including rate dependencies). Discrepancies especially occur for high loading rates at
the beginning of the curves (displacement smaller than 5% of total displacement). A
maximum error of about 15% is otherwise to be reported.
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Fig. 5-4: Simulation of transverse tensile tests of molten UD-CF/PA6 specimens — Comparison
between experimental and simulation results (constant loading rates)

Industrial thermoforming processes are conducted at prescribed test speeds. In order to
be able to determine simulation input for any process speeds, simulation input parame-
ters have to be correlated to test speeds.

In a first approach, “equivalent” constant test speeds, i.e. strain rates, were determined
by averaging, i.e. in the same manner as for thermoset composites (see Chapter 4.4.3).
But when these test speeds were used as kinematic boundary conditions, simulation
results showed important discrepancies compared to experimental data. Because of
clear viscous material behaviour, averaging has indeed to be performed over a large
period of time which leads to important inaccuracies. The larger the test period, the
less accurate the approximation by averaging.

To reduce these inaccuracies, the determination of “equivalent” test speeds is rather
performed numerically. These investigations are performed with the previously identi-
fied parameters E> and 7. Investigations are conducted using a dichotomy approach
with a test speed step of 0.005 mm/ms, i.e. 5 mm/s. Results are compared using the
least square method, i.e. minimisation of the squared sum of the subtractions between
experimental and simulation data performed at constant test speeds.
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Fig. 5-5: Typical “equivalent” test speed of experiments performed at constant loading rates

Example given for 0.125 N/min.

The determination of “equivalent” constant test speeds introduces additional errors
between simulation and experimental results. These especially occur for displacements
smaller than 1.5 mm, i.e. up to a simulation time of two seconds in Fig. 5 5. The over-
estimation of transverse tensile forces are caused by viscous effects (up to 1.5 mm,
simulation test speeds are much higher than experimental ones). A maximum error of
about 25% is otherwise to be reported. A typical outcome of the identification is pre-
sented in Fig. 5-6 for a loading rate of 0.125 N/min.

0.03

Experiment (DMA system)
—0O— Simulation (constant loading rate)
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Fig. 5-6: Simulation of transverse tensile tests of molten UD-CF/PA6 specimens — Comparison
between experimental, simulation at a constant loading rate and simulation at a con-
stant test speed results
Example given for 0.125 N/min.
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The values of the viscosity, the transverse tensile parameters and the “equivalent” test
speeds are presented in Tab. 5-1 for all loading rates.

Tab. 5-1: Results of the identification analysis performed to determine material model param-
eters (viscosity, transverse tensile moduli and “equivalent” test speeds)

Loading rate  Viscosity Simulation input E2 “Equivalent” test speed

[N/min] [GPa.ms] [GPa] [mm/min]
0.025 1.9x 10° 39
0.05 23x10° 63
0.075 0.0012 2.85x 10 75
0.1 32x10° 87
0.125 3.7x10° 93

The correlation between test speeds and simulation parameters appears to be particu-
larly important for the development of thermoforming simulations since manufacturing
processes are always conducted at prescribed speeds. Based on the correlation present-
ed in equation (5-6), simulation input can be determined for any thermoforming pro-
cess speeds (see Fig. 5-7).
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Fig. 5-7: Correlation between simulation input E2 and speed
E,=321x10"8.V +4.96x 1077 (5-6)

where V' is the speed [mm/min], e.g. thermoforming speed.
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5.1.3 Out-of-plane bending

The identification of material model parameter B;, which governs longitudinal out-of-
plane bending behaviour, is performed by modelling three-point bending tests per-
formed for material characterisation (see Chapter 4.1.2.1). Because transverse out-of-
plane bending properties could not be characterised, only longitudinal out-of-plane
bending is treated within this part. Model parameter B>, which controls transverse out-
of-plane behaviour, is identified in a different manner (see Chapter 5.1.4).

As for experiments, a unidirectional sample of 20 (L) x 15 (W) x 1 (T) mm?, where L
is the free span length in fibre direction, W is the dimension transverse to fibre direc-
tion and 7 is the thickness, is supported on both sides and loaded at mid-span (see Fig.
5-8). In this model, fibres are perpendicular to loading direction.

Loading

Unidirectional
thermoplastic
specimen

Support

Fig. 5-8: Experimental (left) and numerical (right) longitudinal three-point bending tests of a
UD-CF/PAG6 specimen

For each case, experimental test speeds are approximated by bilinear curves, imported
into simulation models (see Fig. 5-9) and used as kinematic boundary conditions on
nodes at middle-span (see yellow nodes in Fig. 5-8 right).
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Fig. 5-9: Typical test speed evolution of a three-point bending test performed at a constant

test speed with a DMA system
Example given for 5000 pm/min.
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The aim of the inverse approach is to identify, for each test speed, values of B; which
fit the best out-of-plane bending moduli presented in Fig. 4-15. Such moduli were de-
rived because of the limits of MAT 140, which can only depict linear elastic out-of-
plane bending behaviour. Optimisation analyses are performed until simulation output
deviate less than 0.1% from experimental data (see Tab. 5-2).

Tab. 5-2: Experimental and numerical longitudinal out-of-plane bending moduli after parame-
ter identification

Test speed Experimental data  Simulation data  Absolute error

[pm/min] [MPa] [MPa] [%]
1000 28.63 28.62 0.016
2500 30.34 30.34 0.001
5000 33.18 33.20 0.07
7500 36.03 36.02 0.009
10000 38.89 38.85 0.060

A typical comparison between characterised and simulated material behaviour is pre-
sented in Fig. 5-10. Because non-linearities cannot be taken into account, MAT 140
depicts rather “smeared” than “exact” behaviour. In particular, longitudinal out-of-
plane bending properties are underestimated at low strain values.
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— -®— - Experiment
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1
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o o o o o
= (9] (o2} ~ o2}
T
1

o
w

o
o

0.1

0 0.005 0.01 0.015 0.02 0.025
Strain [-]
Fig. 5-10:  Comparison between experimental and numerical longitudinal out-of-plane bending
behaviour
Example given for 5000 um/min.
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Identification results are presented in Tab. 5-3 and Fig. 5-11. The identification of lon-
gitudinal out-of-plane bending properties enables the derivation of a correlation be-
tween test speeds and simulation input required to depict, to the best extent possible,
proper mechanical behaviour.

Tab. 5-3: Results of the identification analysis performed to determine material model longi-
tudinal out-of-plane bending parameters

Test speed  Simulation input (B1)

[pm/min] [GPa]
1000 0.02845
2500 0.03015
5000 0.03300
7500 0.03580

10000 0.03860

The correlation between test speeds and simulation parameter B; appears to be particu-
larly important for the development of thermoforming simulations since manufacturing
processes are always conducted at prescribed speeds. Based the correlation presented
in equation (5-7) (see Fig. 5-11), simulation input can be determined for any ther-
moforming process speeds.

Linear correlation (R2=0.99)

0.04 -

0.03 - / |

0.02 -

Simulation input, B1 [GPa]

. . . . . . . . . .
0 1 2 3 4 5 6 7 8 9 10 11
Speed [mm/min]

Fig. 5-11:  Correlation between simulation input B; and speed

B, =1.13x107%.V +2.73x 1072 (5-7)

where V' is the speed [mm/min], e.g. thermoforming speed.
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5.1.4 Intra-ply shear

The identification of the intra-ply shear parameter G is performed by modelling picture
frame tests rather than torsion bar tests. Thick bar specimens, for which solid elements
are required [S9], can indeed not be modelled using MAT 140, whose usage is restrict-
ed to shell elements (see Chapter 3.3.2).

A benefit of considering picture frame tests is also that, instead of one, two material
model parameters can be identified. Because of the occurrence of out-of-plane wrin-
kles (see Fig. 4-3), the virtual behaviour of picture frame tests is controlled by G and
B>, which govern intra-ply shear and transverse out-of-plane bending properties, re-
spectively. The investigations presented in this section aim to identify these parameters
via an inverse approach such that:

e  Onset of out-of-plane wrinkles (after about 20 mm displacement)

o Six starting wrinkles can be identified,

o All starting wrinkles run from one clamp to another and follow the same
orientation (a bit bias compared to side frame),

o Only starting wrinkles are out-of-plane. Other deformations, e.g. material
sides, remain in-plane.

e  Final position (after about 90 mm displacement)

o Six distinct wrinkles with similar dimensions (height and width) can be
identified,

o All wrinkles have similar spacing and follow the same orientation,

o Material sides behave in an anti-symmetric manner,

o On the same free side, two distinct behaviour are noticed: localised com-
pression and slight out-of-plane behaviour,

o Height of wrinkles is comprised between 15 mm and 20 mm.

Numerical investigations are performed based on the model developed by Santner
[203]. The frames of the picture frame setup are modelled with beam elements (see
Fig. 5-12). These are governed by a dedicated linear elastic material model (MAT 201)
in which damping is considered to prevent the occurrence of dynamic effects. In a sim-
ilar manner as in experimental tests, the specimen is only clamped in fibre direction.
Clamping is managed by connecting beams to shell elements. In transverse direction,
since the material is not clamped, beams and shell elements are not connected. The
picture frame setup is clamped on its lowest node and pulled on its top node (red and
green nodes in Fig. 5-12, respectively). Simulations are performed at 50 mm/min like
experimental tests. To save computational time, the simulation velocity is scaled with a
factor 10 (see Appendix 1).
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t Pulling direction

Connected
beams and shells

Not connected
beams and shells

Abre

direction

o Clamping

Fig.5-12:  Picture frame simulation model applied to the identification of G and B: parameters

Investigations are conducted with the latest version of the material model, which com-
prises the identified values of p, E;, E> and B; parameters. The intra-ply shear modulus
G is assumed to be equal to about 8 GPa (see Appendix 1), while the initial transverse
out-of-plane bending modulus B: is considered to be equal to about 1% of the longitu-
dinal value.

First simulation attempts showed the material model to be unstable. Computational
stability was brought by reducing the intra-ply shear modulus. Once a convenient in-
tra-ply shear modulus was identified, a sensitivity analysis was performed to determine
a suitable transverse out-of-plane bending parameter. Despite the effort, simulation
outcomes did not match experimental results:

e  Onset of out-of-plane wrinkles (after about 20 mm displacement)

o No distinct out-of-plane wrinkles ,
o Both specimen sides exhibit significant out-of-plane deformations (five to
ten times larger than the heights of starting wrinkles).

e  Final position (after about 90 mm displacement)

o Although six wrinkles with similar orientation are obtained, their widths as
well as their spacing are not regular,

o Both specimen sides exhibit out-of-plane displacements about twice the
heights of the wrinkles.

The inability of the model to depict proper material behaviour, as well as the occur-
rence of computational instabilities, are due to weak longitudinal out-of-plane bending
properties. As detailed in Chapter 5.1.3, because non-linearities cannot be taken into
account, MAT 140 underestimates such properties at low strain values, which is pre-
cisely the range of strain at which out-of-plane wrinkles are initiated. The disregard of
viscous longitudinal out-of-plane bending properties leads to weak material behaviour,
which consequently causes numerical instabilities and unrealistic material defor-
mations.
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To overcome these issues, longitudinal out-of-plane bending properties were scaled up
and new sensitivity analysis was performed. Investigations showed the weaker the in-
plane shear modulus, the earlier the appearance of out-of-plane wrinkles. On this basis,
an intra-ply shear modulus of 5 MPa was found to lead to an onset of wrinkles after 20
mm displacement. In a second step, once the parameter G was identified, transverse
out-of-plane bending modulus was investigated. Sensitivity analysis showed the weak-
er this property, the more numerous out-of-plane wrinkles. Such observations are in
accordance with analyses reported by other researchers [66, 83, 97]. A transverse out-
of-plane bending modulus equal to about 1.4% of the longitudinal one was found to be
give satisfactory results. Comparisons between experimental picture frame test results

and simulation outcomes are presented in Fig. 5-13 and Fig. 5-14 for a displacement of
20 mm and 90 mm, respectively.

Out-of-plane
displacement [mm]

0.067

-0.067
-0.200
-0.333
-0.467
-0.600
. -0.733
-0.867
-1.000

Fig. 5-13:  Experimental (left) and simulation (right) results after 20 mm displacement

Simulation results regarding the onset of out-of-plane wrinkles (after 20 mm displace-
ment) are in very good agreement with experiments (see Fig. 5-13). In particular, the
amount and the orientation of starting wrinkles are similar. Also, like in experiments,
all deformations, except wrinkles, remain in-plane.
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Fig. 5-14:  Experimental (left) and simulation (right) results after 90 mm displacement
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Simulation results after 90 mm displacement (final position) are in overall good
agreement with experimental observations (see Fig. 5-14). In particular, specimen free
sides behave in an anti-symmetric manner. The amount (six), the orientation (a bit bias
compared to side frames) and the regularity of the wrinkles are properly depicted. The
height peak-to-peak measured in the simulation model, i.e. 14 mm and 23 mm, is also
in reasonable accordance with experimental results, i.e. 15 mm and 20 mm.
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displacement [mm]
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-6.000
-7.333
-8.667
-10.000

Out-of-plane
displacements

Fig. 5-15:  Side view - Simulation (top) and experimental (bottom) final shapes of a specimen
tested with a picture frame test setup

However, some differences are also to be reported. Free edges from picture frame
specimens showed to undergo slight out-of-plane behaviour and localised draw-in dis-
placements (see Fig. 5-15 and Fig. 5-16). Simulation succeeds in predicting the locali-
sation of out-of-plane displacements (see Fig. 5-15) but fails in predicting their order
of magnitudes. Numerical out-of-plane displacements are significantly larger than
these observed experimentally. Furthermore, simulation shows not to be able to depict
the occurrence of localised draw-in displacements (see Fig. 5-16). Discrepancies be-

tween simulation and experimental results are assumed to be caused by boundary con-
ditions.
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Fig. 5-16:  Front view - Simulation (top) and experimental (bottom) final shapes of a specimen
tested with a picture frame test setup
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5.1.5 Sensitivity analysis

Sensitivity analysis is conducted when all parameters of the material model are identi-
fied. Its aim is to investigate the stability, the convergence and the accuracy of the ma-
terial model. For these purposes, the simulation time step is varied via E;, p and the
mesh size (see equation (5-2)). Investigations are carried out for transverse tension and
longitudinal out-of-plane bending simulations.

0.015

Force [N]

0.01

0.005

0 1 1
0 5 10 15
Displacement [mm]

Fig.5-17:  Typical outcome of a sensitivity analysis (investigated parameter: density)
Results presented in this figure are obtained for transverse tensile tests performed at a
loading rate of 0.125 N/min.

Detailed results are presented in Appendix j. As an example, the outcome of a typical
analysis, in which the value of the density is varied from 1.14E-6 to 1.14E-1 kg/mm?,
is presented in Fig. 5-17. As the density is reduced, accuracy is increased. However, as
the density is reduced, computational time is also increased. This is to be imputed to a
reduction of the time step. In the present case, densities equal to or lower than 1.14E-3
kg/mm? are found to be suitable.

Sensitivity analysis showed initial values of £; and p to be convenient parameters (see
Chapter 5.1.1.).

5.2 Calibration of separation film material model

The identification of MAT 101 parameters is performed by modelling DMA tensile
tests (see Chapter 4.2). A kapton film specimen of 6.5 (L) x 10 (W) x 0.05 (T) mm?,
where L is the length, W is the width and 7 is the thickness, is clamped on one side and
pulled on the other (see Fig. 5-18).
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Clamping

Kapton film

|
! e

Fig. 5-18:  Experimental (left) and numerical (right) tensile tests of a polyimide film

E]

In a similar manner as for the thermoplastic composite material, the density p is scaled
down by 100. As already mentioned in Chapter 5.1, this scaling increases computa-
tional efficiency with no influence on simulation accuracy:

p=1.10"*kg/mm?3 (5-8)

To reduce computational effort, a different test speed than this applied during material
characterisation is applied as boundary condition. Such a scaling does not influence
parameter identification since kapton film is modelled with linear elastic isotropic ma-
terial behaviour.

For consistency purposes with longitudinal tensile behaviour of the fibre-reinforced
thermoplastic composite material, kapton film tensile properties are scaled down by
20. Based on material characterisation test results (see Chapter 4.2), the goal of the
calibration is to identify £ such that a modulus of 0.1 GPa is reached.
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Fig.5-19:  Comparison between experimental and numerical tensile test results of a polyimide
film (280°C)
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The outcome of the inverse approach gives:
E =0.1GPa (5-9)

A comparison between simulation and experimental results (scaled down by 20) is
presented in Fig. 5-19. Only early material behaviour, i.e. elasticity, is properly depict-
ed since material plasticity and failure are not taken into account by the simulation
model. This simplification is, however, not expected to influence thermoforming simu-
lation results since kapton film is assumed to undergo only minor deformations during
manufacturing processes (see Chapter 6.1.1).

5.3 Calibration of contact properties

The identification of proper friction coefficients concern both tool/ply and ply/ply in-
teractions (see Tab. 5-4). Because no experimental value for treated film/ply interac-
tions is available, this configuration is not considered in this section. A dedicated fric-
tion coefficient will be selected in a subsequent step, i.e. during the development of
thermoforming process simulation models (see Chapter 6.1.4).

Tab. 5-4: Configurations investigated for the identification of simulation friction coefficients

Configuration 1  Configuration 2  Configuration3  Configuration 4

Tool / Treated Ply/ply Ply/ply Ply/ply
kapton film (0/0) (0/90) (90/90)

Investigations are performed by modelling a similar “carrier test” as this used for mate-
rial characterisation (see Fig. 5-20). This simulation model can be applied to all con-
figurations depending on sliding directions and/or the material models applied to the
carrier and the support. To ease post-processing, a 10 x 10 mm? carrier, on which a
uniform normal pressure of 0.01 MPa is applied, is considered. The dimensions of the
support are sufficient to ensure proper parameter identification.

In this work, a symmetric node-to-segment with edge treatment algorithm is selected
(CNTAC 33 in PAM-FORM [157]). This contact model is based on a master/slave
approach. For all configurations, the carrier is set as master and the support as slave.
As recommended by Santner [203] to prevent the occurrence of oscillations in simula-
tion outcomes, different mesh sizes for carrier and support are used and, carrier and
support element edges are not facing each other. Santner reported a decrease of fric-
tional force when element edges were positioned on top of each other [203]. To further
prevent the occurrence of dynamic effects, contact damping, via the parameter
XDMP1, is also considered.
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In the model presented in Fig. 5-20, the carrier is free to move along all directions
while the support is fixed. For configurations in which thermoplastic composites are
involved (configurations 2 to 4), fibres are aligned with direction 1.

Carrier

Fig. 5-20:  Simulation model applied to the identification of friction coefficients
Orthotropic friction coefficients can be identified using the presented model. Depending
on the configuration, the carrier can be pulled either along or transverse to fibre direction,
i.e. along the 1- or 2-direction, respectively.

As detailed in Chapter 3.3.2, PAM-FORM offers numerous contact models for iso-
tropic friction. Orthotropic interactions can, however, only be modelled by means of
Coulomb friction laws. Given that dependency with respect to fibre direction is more
important than others, e.g. test speed, an orthotropic Coulomb based friction model is
considered for configurations 2 to 4. For contacts between treated kapton film and tool
surface (configuration 1), an isotropic Coulomb friction law is considered. To reduce
computational time and given that velocity independent friction laws are considered,
investigations are performed with a velocity of 0.05 mm/ms.

Interactions in PAM-FORM can only be modelled via constant friction coefficients
[157]. Curves such as these obtained during material characterisation (see Fig. 4-35)
cannot be implemented. For orthotropic contacts, one friction coefficient per direction
can be selected. For identification purposes, the user must thus choose based on pro-
cess and material considerations whether static or kinetic friction coefficients should
be taken into account. Because treated films are expected to slide against tool surface
during thermoforming, kinetic friction coefficient! should be considered (configuration
1). For contacts between molten thermoplastic layers, since only limited slip is ex-
pected to occur, static friction coefficients should be taken into account (configurations
2,3 and 4) [43].

! In the present case, static and kinetic friction coefficients are similar since experimental results showed
both parameters to be the same (see Chapter 4.3.3.1).
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Identification results are presented in Tab. 5-5. Because of orthotropy, parameters of
configuration 2 and configuration 4 are identical. Comparisons between simulation and
experimental results are presented in Fig. 5-21 left for interactions between a treated
kapton film and a tool surface and in Fig. 5-21 right for interactions between two 0°
UD-CF/PAG6 layers. Experimental data have been adapted for visualisation purposes.

Tab. 5-5: Results of the identification analysis performed to determine simulation friction
coefficients

Parameters Experimental data Simulation data  Error

[-] [-] [-] [Yo]
Configuration 1 Hdtool 0.171 0.170 <0.1%
Configuration 2 S 1. 1.2
Ws.0/0 303 99 <01%
Configuration 4 Hs,90/90 0.776 0.779
Configuration 3 Us,0/90 0.824 0.822 <0.1%

The slack caused by the straightening of the stainless steel wire and observed during
material characterisation tests is not depicted by the simulation. Instead, contact occurs
as soon as interactions are initiated (see Fig. 5-21).
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Fig. 5-21:  Comparison between experimental and simulation test results for interactions occur-
ring between a tool surface and a treated kapton film (left) and two 0° molten UD-
CF/PAG plies (right)

5.4 Results and discussion

The goal of this chapter was to determine, using models from Visual-FORM, simula-
tion input parameters which depict best material behaviour. All parameters, except the
Poisson’s ratio (see Appendix k), were identified using an inverse method based on
material characterisation test results (see Chapter 4).
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Results presented in Fig. 5-22 and Fig. 5-23 can be used as input for the simulation of
thermoforming processes performed at 280°C (see Chapter 6.1.4). The thermoplastic
composite material model can, however, only be applied with processes conducted at
50 mm/min. This restriction lies in the fact that intra-ply shear and transverse out-of-
plane bending parameters were identified using picture frame test results performed at
this specific test speed.

Due to some material model specificities, identified simulation parameters appeared to
be rather different from experimental data. Difficulties encountered in the identifica-
tion of MAT 140 parameters were caused (i) by the limits of the characterisation test
method and (ii) by the restrictions of the material model.
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Fig. 5-22: Material model of a molten UD-CF/PAG6 tape (MAT 140)
This material model was calibrated based on characterisation tests performed at 280°C
and 50 mm/min. Its application is thus restricted to these specific temperature and speed.

Experimental transverse tensile test results prevented the efficient and accurate identi-
fication of E> parameters. Because data were function of loading rates, intensive inves-
tigations had to be conducted to determine “equivalent” test speeds. For out-of-plane
bending properties, difficulties in the identification of suitable parameters were caused
by the limits of MAT 140, which can only depict linear elastic bending behaviour. The
identification of intra-ply shear properties, via the modelling of torsion bar tests, could
also not be carried out because of material model limits. Regarding transverse out-of-
plane bending, identification analysis based on an elementary test setup could not be
conducted because no experimental data was available. An alternative, via the model-
ling of a picture frame test, was found to determine both G and B> parameters. Howev-
er, the main drawback of this approach is that identified material model parameters can
only be used for a single test speed, i.e. the test speed at which the picture frame test
was performed. Difficulties encountered in identification analysis were eventually due
to the lack of documentation available. In particular, the role and the influence of the
viscosity # on other mechanical parameters should be clarified.
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Identification analyses would be more intuitive if data entry would be different. For
example, it would be more convenient if the user, for each deformation mode, could
enter material data such as they are obtained from characterisation tests, i.e. stress-
strain curves for given strain rates and/or temperatures. In the latest version of the ma-
terial model (v. 2015), such data entry is now possible [158].

In comparison to the investigations conducted for MAT 140, analyses performed for
MAT 101 (the material model of the kapton film) were rather simple. In particular, the
identification of a proper elastic modulus could be performed without difficulty since
the aimed elastic modulus corresponded to the entered value (see Fig. 5-23).
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Fig. 5-23:  Material model of a polyimide film (MAT 101)
This material model was calibrated characterisation tests performed at 280°C. Its applica-
tion is thus restricted to this specific temperature.

The identification of friction coefficients was rather simple because, like for MAT 101,
simulation output corresponded to entered values. To complete the development of
contact models, further parameters, such as non-linear contact penalty stiffness
(F'SVNL), are determined in Chapter 6.1.4.

The parameters identified within this chapter will be used in Chapter 6 for the devel-
opment of FE thermoforming simulation models.






6 Validation and applications

Before supporting industrial decision making regarding the design of new components
and the development of new manufacturing techniques, the reliability of FE ther-
moforming simulations must be demonstrated on generic components, referred to as
demonstrators. The aim of these investigations is to validate their predictive quality by
comparing computed results to experimental measurements. Such investigations are
typically performed on components, which have similar geometrical features as indus-
trial parts and are formed under comparable environmental conditions.

Details about the validation are presented in the first part of this chapter. Once validat-
ed, two case studies are considered. The first one analyses the benefit of accounting for
separation films in FE thermoforming simulations, while the second investigates, via a
sensitivity study, the influence of the transverse tensile properties of composite tapes
on simulation outcomes.

6.1 Validation

This section details the validation of the FE simulation approach. In a first part, the
thermoforming process and the demonstrators considered for validation purposes are
described. Once comparison criteria and methods have been introduced, experimental
and computed results are presented. Comparisons are eventually held accordingly.

6.1.1 Thermoforming process and demonstrators

Most of the content of this section, including text and figures, is based on [K10].

The thermoforming process considered in the scope of this work is a laboratory variant
of an industrial thermoforming process. The material is not formed by a thermoform-
ing press but by a universal testing machine. The main difference between both meth-
ods lies in the forming (or stamping) speed. To control forming environment, experi-
ments are performed within an environmental chamber. All experiments are carried out
at 50 mm/min and 280°C, 1.e. above material melting temperature (see Tab. 1-1).

The demonstrator considered in the scope of this doctoral dissertation is a generic part
with a double-curved geometry. Its shape follows the intersection of two sinusoidal
waves. As such, it is commonly referred to as “double-sinus wave” component (see
Fig. 6-1) [128]. The basis of the tooling has a square cross-section of about 150 mm
side length. The heights at points A and B are of about 40 mm and 35 mm, respective-

ly.

123



124 Validation and applications

Fig. 6-1: Demonstrator (or “double-sinus wave” component) considered for validation

The stack, composed of two polyimide separation films [192] and a composite layup
in-between, is placed between male and female moulds at room temperature (see Fig.
6-2). A circumferential blankholder of rectangular cross-section with a weight of 2.5
kg is positioned on top of the film-composite-film stack. Forming occurs when the
stack, pushed by the stamp, is forced to comply with mould geometry. Experiments are
performed after at least ten minutes soaking time to ensure homogeneous temperature
distribution.

Universal
Testing machine

F Male mould (stamp)

) e [ ] Blankholder
Separation filll  e——
C ite layup }Stack
Separation film
‘ Female mould
Fig. 6-2: Double-sinus wave tooling mounted on a universal testing machine and enclosed in

an environmental chamber (left) and schematic of the thermoforming process (right)

The validation is carried out with different composite layups:

e [0s] with a blank size of 300 x 300 mm?,
e [0s] with a blank size of 350 x 350 mm?,
e [0z 90,]s with a blank size of 350 x 350 mm?.

Composite blanks are composed of eight layers, i.e. about 1.2 mm thickness, of unidi-
rectional carbon fibre-reinforced PA6 tapes (see Chapter 1.1). Tailored layups are laid
using a FiberForge RELAY 2000 station and consolidated using a mechanical press, as
described in Chapter 1.1. As separation film, a heat-resistant polyimide film is consid-
ered [192]. Such films aim to ease part removal after forming and enhance forming
quality by decreasing tool/ply friction. Before being applied to thermoforming applica-
tions, separation films are treated with a release agent (Release All 45®, Airtech [199]),
and cut into “star shapes” (see Fig. 6-3). Such cut-outs aim to ease the deformations of
the films during forming by preventing the occurrence of large strains. After forming,
demoulding occurs when the temperature is stabilised below 70°C.

Mechanical properties of the unidirectional thermoplastic composite tape and the sepa-
ration film under environmental forming conditions are presented in Chapters 4.1 and
4.2, respectively.
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Polyimide film

Cut-outs

Fig. 6-3: Cut-outs of a treated polyimide film

6.1.2 Validation criteria and comparison methods

The validation of the simulation approach is carried out by comparing experimental
results to simulation outcomes. For a proper assessment, three particular aspects are
considered:

e Preform geometries,
e Out-of-plane wrinkles,
e Fibre orientations on the external layer of the preforms.

Comparisons of preform geometries are based on six different lengths measured manu-
ally using a ruler. The aim is to evaluate the ability of the simulation to predict final
preform shapes. The accuracy of such predictions is of particular importance for indus-
trial applications since preforms will be assembled with other components. Deviations
in preform geometries might lead to important shimming operations. Besides their time
and cost intensive concerns, such operations can also significantly increase the global
weight of the structure.

Fig. 6-4: Position of the five regions of interest (ROI) considered for validation
Points A and B are given for orientation purposes (see Fig. 6-1).

The simulation approach is also evaluated on its ability to locate and depict (quantity
and shape) out-of-plane wrinkles. Investigations are conducted visually without the
assistance of any optical system and measurements are performed manually using a
ruler. The accuracy with which out-of-plane wrinkles can be predicted is of great inter-
est for industrial applications since such defects influence assembly operations and
mechanical properties of final components [37, 99].
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Measured and computed fibre orientations are compared via a Matlab routine [127,
128, 204]. Investigations are conducted on five regions of interest (see Fig. 6-4). Each
ROI represents an area of about 20 x 20 mm?. Computed results are extracted from
simulation output and imported as .pc files, which contain XYZ-coordinates of fibre
orientations. Experimental measurements are performed with an optical sensor mount-
ed on an automated robot to ensure good reproducibility. The sensor, supplied by
ProFactor [177], measures one fibre orientation per pixel, which corresponds to a value
every 35 um, and has an accuracy of about 1° [205]. Measurement data are imported
into the Matlab routine as .mat files. After comparisons, results are plotted on 3D
models in which colour scales indicate whether deviations are small or large. The goal
of these analyses is to assess the potential of the simulation to predict fibre orientations
after forming. Such ability is essential for industrial applications since fibre orienta-
tions play a major role in the performance of composite components [206].

6.1.3 Experimental results

Thermoforming outcomes for the [0]s 300 x 300 mm?, [0]s 350 x 350 mm? and [0>
90,]s 350 x 350 mm? tailored blanks are presented in Fig. 6-5 left, Fig. 6-5 right and
Fig. 6-6, respectively.

Fibre orientation

Heights of wrinkles < measurement tolerance Heights of wrinkles ~ 5 mm

Fig. 6-5: Thermoforming outcomes of [0]s tailored blanks
Left: Initial blank size of 300 x 300 mm?; Right: Initial blank size of 350 x 350 mm?.
Points A and B are given for orientation purposes (see Fig. 6-1).

Both unidirectional tailored blanks exhibit similar shapes after forming (see Fig. 6-5).
Draw-in displacements, which only occur along fibre direction, are caused by stiff fi-
bre tensile behaviour (see Chapter 2.2.2). The occurrence of compressive forces per-
pendicular to fibre direction, combined with weak transverse behaviour, leads to the
development of out-of-plane wrinkles. These are found to have different heights in
both preforms because (i) the 300 x 300 mm? blank has been mispositioned in the en-
vironmental chamber and (ii) smaller blanks are less subjected to wrinkling [27]. Tear-
ing observed on the right hand side of the 300 x 300 mm? preform is due to an unex-
pected contact between the tool surface and the molten blank. Since it only occurred at
the end of the thermoforming process, its influence is assumed to be negligible.
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Draw-in displacements on the four edges of the cross-plied blank are similar. This is
due to the presence of two families of fibres oriented perpendicular to each other (see
Fig. 6-6). Preform geometries of all three layups are discussed in more details in Chap-
ter 6.1.5.1.

| )
Y N e o

—

Fig. 6-6: Thermoforming outcome of the [02 90:]s tailored blank
Points A and B are given for orientation purposes (see Fig. 6-1).

The unevenness of the surface of the demonstrators is caused by interactions between
blanks and separation films (see Fig. 6-7). Poor surface finish is imputed to air entrap-
ment due to the non-compaction of the film-composite-film stacks prior to forming.

Fig. 6-7: Influence of separation films on surface finish
Example given for the cross-plied stack.
Points A and B are given for orientation purposes (see Fig. 6-1).

According to the method presented in Chapter 6.1.2, the outer layers of the demonstra-
tors are scanned with a ProFactor sensor [177]. Measurements are performed using an
automated robot and achieved for the five ROIs illustrated in Fig. 6-4. The arrange-
ment of the setup is presented in Fig. 6-8.
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Automated robot

Remote control
ProFactor sensor

Thermoplastic preform

Fig. 6-8: Setup for fibre orientation measurements

6.1.4 Simulation modelling

Simulation models are developed according to the thermoforming setup presented in
Chapter 6.1.1. As a macroscopic FE simulation approach, every component is mod-
elled, i.e. stamp, mould, blankholder and composite stack. Separation films are also
modelled “explicitly”! since these seem to influence forming outcomes (see Chapter
6.1.3). To prevent the occurrence of dynamic effects, these are modelled as plain plies,
1.e. without cut-outs. All parts are meshed with four-node shell elements (see Fig. 6-9).
Three integration points are considered within their thicknesses. For the application of
smooth contact properties [203], layers of shell elements are slightly disorganised (see
Appendix 1). Composite layers are meshed with elements of 4 mm side length and
eventually oriented either at 0° or 90°. Depending on the configuration, blanks have an
initial size of either 300 x 300 mm? or 350 x 350 mm?.

Layers #4 and #5
Layers #3 and #6
Layers #2 and #7
Layers #1 and #8
Polyimide films

Male mould

OEOoDmED@

Blankholder

Female mould

Fig. 6-9: Macroscopic FE simulation model used for validation

! The “explicit” modelling of the separation films is an innovative approach considered in the scope of
this doctoral dissertation. Its benefits are demonstrated in Chapter 6.2.1.
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Stamp, mould and blankholder components are modelled as rigid bodies since their
geometries are not expected to vary during thermoforming. Thermoplastic composite
layers are represented by the viscous material model MAT 140 introduced in Chapter
5.4 and polyimide separation films are described by the isotropic material model MAT
101 presented in Chapter 5.4. Both material models are suitable to simulate the ther-
moforming processes presented in Chapter 6.1.1 since they have been calibrated for a
temperature of 280°C and a test speed of 50 mm/min.

Interactions between components are managed by a symmetric node-to-segment with
edge treatment algorithm (CNTAC 33 in PAM-FORM [157]). Friction coefficients for the
interactions between treated films/tool and plies/plies are these identified in Chapter 5.4.
Regarding the interactions between treated films and thermoplastic plies, a user-
defined coefficient of 5 is selected in accordance with experimental results (see Chap-
ter 4.3.3.3). To prevent dynamic effects caused by contact initiation, non-linear contact
penalty stiffness parameters (FSVNL) are considered. These are defined based on a
trial-by-error approach?. A coefficient of 100 is implemented for contacts with polyi-
mide separation films, while a value of 5 is accounted for contacts with thermoplastic
plies. The parameter which governs the amount of stress necessary to separate two
objects (SEPSTR) is also selected via a trial-by-error approach. This property is of par-
ticular importance in the modelling of inter-ply interactions since it represents the tack-
iness and “consolidated” aspect of the tailored thermoplastic blanks. Because this
property was not characterised, first investigations were conducted with 0.1 MPa [63].
After several attempts, a value of 0.01 MPa is eventually considered. For the sake of
simplicity, all contacts are initiated when two objects come at a distance of 0.13 mm.

To decrease computational effort, models are developed with mass and velocity scal-
ing. These are introduced in accordance with results presented in Chapter 5 as well as
in Appendix i and j. To prevent dynamic effects, kinematic damping (KINDA) is ap-
plied to separation films and composite plies. For best efficiency, the application of
this parameter is managed by the solver. Computations conducted on eight processors
and 24 GB of RAM last between eight and a half hours and twelve and a half hours
depending on the size of the model.

6.1.5 Results

6.1.5.1 Preform geometries and out-of-plane wrinkles

Computed and measured preform geometries are compared for six distinct characteris-
tic lengths. The ability of the simulation to depict proper amount and shapes of out-of-
plane wrinkles is assessed for each edge of the preforms.

2 Parameters determined via a trial-by-error approach are determined by comparing experimental and
computed data for several values of the investigated parameters. Comparisons, which are not presented
in this doctoral dissertation, were performed according to the criteria presented in Chapter 6.1.2.
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Unidirectional tailored blank (300 x 300 mm?)

Preform geometries after forming are illustrated in Fig. 6-10. Some measurements are
also presented in Tab. 6-1. Computed lengths aligned with fibre direction are in good
agreement with measured ones (error smaller than 2.5%).

Fibre orientation

247.3 mm

290.8 mm
wuw 06¢
wu /87

298 mm

240 mm 273 mm

Fig. 6-10:  Preform geometries after forming for the [0]s tailored blank (300 x 300 mm?)
Left: Simulation; Right: Experiment. The lengths of the white arrows are given in Tab.
6-1. Points A and B are given for orientation purposes (see Fig. 6-1).

The lengths perpendicular to fibre direction computed by the simulation deviate from
those measured experimentally. This is due to the unexpected contact which occurred
between the blank and the tool at the end of the thermoforming process (see Chapter
6.1.3). The high frictional forces (tool/ply contact, see Chapter 4.3.3.3) and the lack of
reinforcement in the direction of motion led to the tearing of the laminate.

Tab. 6-1: Lengths and widths indicated by white arrows in Fig. 6-10

Simulation Experiment

Vertical length

2353 234
[mm]
Horizontal length 238 266
[mm]

Comparisons between computed and observed out-of-plane wrinkles are presented in
Tab. 6-2. The ability of the simulation to predict the (i) quantity, (ii) shape (width and
peak-to-peak heights) and (ii1) location of out-of-plane wrinkles is assessed for each

side of the demonstrator.
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Tab. 6-2: Comparisons between computed and observed out-of-plane wrinkles for the [0]s
tailored blank (300 x 300 mm?)
Location Simulation Experiment
. uantity: Numerous
Quantity: 8 Q Y

Bottom side

Height: <12 mm
Width: from 7 mm to 30 mm

Location: mainly where draw-
in displacements occur

Height: < measurement toler-
ance

Width: <5 mm

Location: mainly where draw-
in displacements occur

Quantity: 5

Height: from 3 mm to 10 mm

Right hand side Fibre tearing
Width: from 15 mm to 45 mm
Location: along the edge

tity: .
Quantity: 7 Quantity: Numerous
Height: from 8 mm to 10 mm Height: < 5 mm
Top side idth: fi t

Width: from 3 mm to 30 mm Width: < 6 mm
Location: mainly wh - .
[ OCTHON.: ATy WACTE draw Location: along the edge
in displacements occur
Quantity: 4
Height: from 5 mm to 10 mm

Left hand side Rather flat

Width: from 10 mm to 40 mm

Location: along the edge

The simulation globally succeeds in identifying the occurrence of out-of-plane wrin-
kles at the corners of the “double-sinus wave” component. Comparisons on the edges
are made rather difficult because of material tearing and the mispositioning of the

blank in the environmental chamber (see Chapter 6.1.3).
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Unidirectional tailored blank (350 x 350 mm?)

Preform geometries after forming are illustrated in Fig. 6-11. Some measurements are

also presented in Tab. 6-3.

Fibre orientation

293.1 mm

wit 6¢

ww 90y ¢
340 mm

346.1 mm

283.2 mm

Fig. 6-11:  Preform geometries after forming for the [0]s tailored blank (350 x 350 mm?)

Left: Simulation; Right: Experiment.
Points A and B are given for orientation purposes (see Fig. 6-1).

All computed lengths are in good agreement with measured ones. A maximum error of
about 6.6% is to be reported.

Tab. 6-3: Lengths and widths indicated by white arrows in Fig. 6-11

Simulation Experiment

Vertical length 284.6 283
[mm]

Horizontal length 299 6 281
[mm]

Comparisons between computed and observed out-of-plane wrinkles located on the
edges of the preforms are presented in Tab. 6-4.
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Tab. 6-4: Comparisons between computed and observed out-of-plane wrinkles for the [0]s
tailored blank (350 x 350 mm?)
Location Simulation Experiment
Quantity: 6

Bottom side

Height: from 8 mm to 15 mm
Width: from 5 mm to 22 mm

Location: mainly where draw-
in displacements occur

Quantity: Numerous
Height: <5 mm
Width: from 5 mm to 20 mm

Location: along the edge

Quantity: 5
Height: from 5 mm to 12 mm
Right hand side Rather flat
Width: from 15 mm to 50 mm
Location: along the edge
. Quantity: Numerous but less
tity: 6
Quantity than on the bottom side
Height: from 8 mm to 13 mm Height: < 5 mm
Top side idth: from 4 mm t
Width: from 4 mm to 50 mm Width: from 5 mm to 20 mm
Location: mainly wh - . .
. oc.a ion: mainly where draw Location: mainly where draw-
in displacements occur ..
in displacements occur
Quantity: 5
Height: from 5 mm to 10 mm i i
Left hand side Only one wrinkle, otherwise

Width: from 10 mm to 40 mm

Location: all along the edge

rather flat

The simulation globally succeeds in identifying the occurrence of out-of-plane wrin-
kles at the corners of the “double-sinus wave” component. On the edges, the simula-

tion appears to be able to determine critical areas where out-of-plane wrinkles can po-
tentially occur, although their exact shape and amount cannot be predicted. Deviations
between computed and experimental results are assumed to be mainly caused by a too
coarse mesh size. According to ten Thije [144], “the element size should not exceed
one third of the smallest wrinkle” to enable proper depiction. In this work, shell ele-
ments of 4 mm side length are considered for wrinkles of maximum about 5 mm
heights. For finer predictions, a finer mesh should be considered. However, for compu-
tational efficiency purposes, the mesh size of the models presented in this doctoral

dissertation has not been modified.
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Cross-plied tailored blank

Preform geometries after forming are illustrated in Fig. 6-12. Some measurements are
also presented in Tab. 6-5. All computed lengths are in good agreement with measured
ones. A maximum error of about 4% is to be reported.

319.6 mm

315.8 mm
wwr 691 ¢
320 mm
wuw 6T¢

322.6 mm 328 mm

Fig. 6-12:  Preform geometries after forming for the [02 90:]s tailored blank
Left: Simulation; Right: Experiment.
Points A and B are given for orientation purposes (see Fig. 6-1).

Comparisons between computed and observed out-of-plane wrinkles located on the
edges of the preforms are presented in Tab. 6-6.

Tab. 6-5: Lengths and widths indicated by white arrows in Fig. 6-12

Simulation  Experiment

Vertical length 281 281
[mm]
Horizontal length 282 1 279

[mm]

The simulation globally succeeds in identifying the occurrence of out-of-plane wrin-
kles at the corners of the “double-sinus wave” component. The simulation also appears
to be able to locate and, to some extent, determine the proper amount of out-of-plane
wrinkles. However, it does not seem to be able to accurately identify their shapes. In a
similar manner as for the previous layup, deviations between experimental and com-
puted results are assumed to be caused by a too coarse mesh size. Discrepancies are
also assumed to be due to post-forming deformations®, which are reflected in experi-
mental measurements but not in computed ones.

3 Deformations which occur during consolidation or demoulding operations.
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Tab. 6-6:

tailored blank

Location

Simulation

Experiment

Comparisons between computed and observed out-of-plane wrinkles for the [02 90:]s

Bottom side

Quantity: Numerous
Height: from 5 mm to 15 mm
Width: from 9 mm to 30 mm

Location: along the edge but
mainly where draw-in dis-
placements occur

Quantity: Numerous
Height: <3 mm
Width: < 10 mm

Location: along the edge but
concentrated where draw-in
displacements occur

Quantity and location: similar
as bottom side

Quantity: Numerous

Height: < measurement toler-

Richt h i ance
ight hand side Height: from 8 mm 15 mm
Width: < 10 mm
Width: from 13 to 50 mm
Location: along the edge
Quantity and location: similar Quantity and location: similar
as bottom side as bottom side
Top si
op side Height: from 7mmto 16 mm  Height: <3 mm
Width: from 10 mm to 45 mm  Width: <10 mm
Quantity and location: similar Quantity and location: similar
as bottom side as bottom side
Left hand sid
el hand side Height: from 4 to 15 mm Height: from 5 mm to 13 mm
Width: from 15 mm to 35 mm  Width: <10 mm
Conclusion

The simulation shows to be able to properly predict preform geometries. Although it
cannot precisely depict the amount and shape of out-of-plane wrinkles, it demonstrated
the ability to identify critical regions where they can potentially occur, e.g. corners and
locations at maximum draw-in displacements. Deviations between computed and ex-
perimental results are assumed to be caused by a too coarse mesh size as well as some
inaccuracies in the positioning of the blanks (blanks could not be positioned with the

same accuracy in the environmental chamber and in the simulation). Discrepancies are
also assumed to be due to post-forming deformations, which are reflected in experi-

mental measurements but not in computed ones.
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6.1.5.2 Fibre orientations

Computed and measured fibre orientations are compared according to the method in-
troduced in Chapter 6.1.2. Deviations presented in Tab. 6-7 and Fig. 6-13 are deter-
mined by subtracting measured fibre orientations from computed ones. Calculations
are performed with average measured and average computed fibre orientations [204],
which are determined for each ROI as the mean values of the data measured by the
sensor and computed by the simulation, respectively.

Tab. 6-7: Deviations in degree (°) between computed and measured fibre orientations

ROI [0]s [0]s [02 902]s
300 x 300 mm? 350 x 350 mm? 350 x 350 mm?
1 -0.95° 0.70° -0.83°
2 -0.75° -0.65° -2.34°
3 -2.86° 2.53° 2.55°
4 1.24° 3.67° 0.73°
5 0.43° 5.77° -0.95°

Computed fibre orientations are in good agreement with measured ones. The Matlab
routine considered for comparison purposes appears to be an efficient tool to analyse
both data sets [204]. Inaccuracies in the calculation of average measured fibre orienta-
tions caused by the unevenness of preform surfaces (see Fig. 6-7) have been overcome
by discarding spurious measurement data (see Appendix m). Other experimental as-
pects, e.g. blank mispositioning (see Chapter 6.1.3) and part distortions caused by con-
solidation and demoulding operations, might also have introduced some inaccuracies.

Deviation [°]

Fig. 6-13:  Deviations between computed and measured fibre orientations (3D visualisation)
Left: [0]s tailored blank (300 x 300 mm?); Middle: [0]s tailored blank (350 x 350 mm?);
Right: [02 90,]s tailored blank.
Points A and B are given for orientation purposes (see Fig. 6-1).
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6.2 Applications

Comparisons conducted between computed and experimental results have validated the
presented FE simulation approach. In this section, this approach is used to investigate
two case studies. The first one assesses the benefit of accounting for separation films in
FE thermoforming simulations, while the second analyses, via a sensitivity study, the
influence of the transverse tensile properties of the composite tape on simulation out-
comes.

6.2.1 Influence of separation films on thermoforming
simulation results

Most of the content of this section, including text and figures, is based on [K10].

To assess whether it is important to model separation films in the same manner as
composite plies, i.e. with shell elements and a dedicated material model, the approach
presented in this doctoral dissertation is compared to the “classical” modelling method,
in which separation films are not modelled as such but their influence is only consid-
ered in friction properties. Two approaches are thus considered in this case study:

e Approach 1: separation films are modelled “explicitly” (see Chapter 6.1.4),
e Approach 2: the influence of separation films is only considered within tool/ply
interactions (see Fig. 6-14).

Apart from the modelling of their separation films, models developed for the first and
second approaches are identical. According to material characterisation test results, a
tool/ply friction coefficient of 0.171 is considered in the second approach (see Chapter
4.3.3.1).

Male mould Layers #4 and #5
Layers #3 and #6
Layers #2 and #7

Layers #1 and #8

EOED@

Blankholder

Female mould

Fig. 6-14:  “Classical” macroscopic FE simulation model in which separation films are not
modelled “explicitly” (approach 2)

Both simulation approaches are assessed on their ability to predict preform geometries,
out-of-plane wrinkles and external fibre orientations. Comparisons are conducted for
the three layups introduced in Chapter 6.1.1 and with the same methods as presented in
Chapter 6.1.2.
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3 = A R :
302.1 mm
240 mm 273 mm
Fig. 6-15:  Preform geometries after forming for the [0]s tailored blank (300 x 300 mm?)
Left: Approach 1; Middle: Experiment; Right: Approach 2. Points A and B are given for
orientation purposes (see Fig. 6-1).
Fibre orientation
293.1 mm 348.1 mm
R g
2 S 2 £ g g
$ § & g i =
Fig. 6-16:  Preform geometries after forming for [0]s tailored blank (350 x 350 mm?)

Left: Approach 1; Middle: Experiment; Right: Approach 2. Points A and B are given for

orientation purposes (see Fig. 6-1).

324.5 mm

319.6 mm

315.8 mm
ww G911 ¢
320 mm
ww 67¢
327.2 mm
ww 9°77e

326.9 mm

322.6 mm 328 mm

Fig. 6-17:  Preform geometries after forming for the [02 90:]s tailored blank
Left: Approach 1; Middle: Experiment; Right: Approach 2. Points A and B are given for

orientation purposes (see Fig. 6-1).
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Preform geometries after forming are illustrated in Fig. 6-15, Fig. 6-16 and Fig. 6-17.
Some measurements are also presented in Tab. 6-8. Although the second simulation
approach can globally predict the geometry of the cross-plied layup, it cannot deter-
mine the proper geometry of the unidirectional blanks. The capabilities of the second
approach seems to be limited because it does not take into account the mechanical as-
pect of the separation films. Due to their significant stiffness (see Chapter 4.2) and the
fact that they stick to the blanks during forming (see Chapter 4.3.3.3), separation films
stiffen and thus, influence composite behaviour. It can be noticed that when the films
are modelled “explicitly” (approach 1), unidirectional blanks slip over the mould in a
similar manner as in the experiments (see widths in Fig. 6-15 and Fig. 6-16), while
when their influence is only taken into account in tool/ply interactions (approach 2),
blanks do not slip but rather undergo severe transverse deformations. For a unidirec-
tional layup, the maximum transverse strain computed by a model developed accord-
ing to the second approach is indeed more than twice the value computed by a model
developed according to the first approach (about 1.55 compared to 0.62).

Tab. 6-8: Lengths and widths indicated by white arrows in Fig. 6-15, Fig. 6-16 and Fig. 6-17.
The first values correspond to simulation results for approach 1, the second to the
experimental measurements and the third to simulation results for approach 2

[0]s [0]s [02 902]s
300 x 300 mm? 350 x 350 mm? 350 x 350 mm?

Vertical length

(mm] 235.3/234/241.5 284/283/288.2 280.7/281/288.9

Horizontal length

238.6 /266 /303 299.8/281/350  281.3/279/287.7
[mm]

Because the development of out-of-plane wrinkles is related to blank deformations,
conclusions drawn about preform geometries also apply to out-of-plane wrinkles. In
particular, although both simulation approaches depict similar outcomes for the cross-
plied layup, discrepancies occur for the unidirectional blanks. After comparison with
experimental outcomes, results computed with the first simulation approach appear to
be more accurate than those computed with the second approach.

To complete the assessment, the external fibre orientations computed by both simula-
tion approaches are compared to experimental measurements using the Matlab routine
introduced in Chapter 6.1.2. Results, which consist in cumulative errors*, are presented
in Tab. 6-9. For all three layups, the first approach demonstrates a better ability to pre-
dict external fibre orientations.

4 Cumulative errors are calculated by adding up the absolute deviations of each ROI, which are deter-
mined by subtracting measured fibre orientations from computed ones.
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Tab. 6-9: Evaluation of both simulation approaches: cumulative errors between measured and
computed fibre orientations

[0]s [0]s [02 902]s
300 x 300 mm? 350 x 350 mm? 350 x 350 mm?

Approach 1 6.22 13.32 7.40
Cumulative error [°]
Approach 2 10.28 15.08 10.35

Cumulative error [°]

The first approach, which consists in the “explicit” modelling of separation films, ap-
pears to be better suited than the second approach, which only considers the influence
of separation films within tool/ply interactions, to predict proper forming behaviour.
The importance to model such films as composite plies is due to their substantial stiff-
ness (see Chapter 4.2) and the fact that they stick to the blanks during thermoforming
(see Chapter 4.3.3.3). Therefore, they do not only influence tool/ply interactions but
also stiffen composite behaviour.

6.2.2 Influence of composite transverse tensile prop-
erties on thermoforming simulation results

To investigate the influence of the transverse tensile properties of the composite tape
on simulation outcomes, in particular on (i) preform geometries, (ii) out-of-plane wrin-
kles and (iii) fibre orientations, three macroscopic FE thermoforming simulation mod-
els are considered. These are developed according to the approach presented in Chap-
ter 6.1.4, i.e. the separation films are modelled with shell elements and a dedicated
material model. Analyses are conducted by comparing the outcomes of a reference
simulation, which considers the composite material model calibrated in Chapter 5,
with those of simulations having transverse tensile properties £> ten times smaller or
larger. Sensitivity analysis is carried out for the three layups introduced in Chapter
6.1.1.

Preform geometries after forming are illustrated in Fig. 6-18, Fig. 6-19 and Fig. 6-20.
Some measurements are also presented in Tab. 6-10. The influence of transverse ten-
sile properties on final preform shapes appears to be negligible for all types of blanks,
although a larger influence on unidirectional layups is noticed (variations up to maxi-
mum about 4%). This was to be expected since unidirectional blanks are only rein-
forced in one direction. The lack of load carrier in the other direction makes them more
sensitive to transverse loads. On the contrary, cross-plied tailored blanks are more sta-
ble because of their layup arrangement and the presence two families of fibres.
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Fibre orientation
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Fig. 6-18:  Preform geometries after forming for the [0]s tailored blank (300 x 300 mm?)
Left: £, multiplied by 0.1; Middle: Original £»; Right: £, multiplied by 10. Points A and
B are given for orientation purposes (see Fig. 6-1).
Fibre orientation
299.3 mm 293.1 mm 291.5 mm
W
: g g =
a [ —_ g = W
lal \d <t
R : 3 53 :
287.3 mm 283.2 mm 271.5 mm
x 0.1 x1 x 10

Fig. 6-19:

Preform geometries after forming for the [0]s tailored blank (350 x 350 mm?)
Left: £, multiplied by 0.1; Middle: Original £»; Right: £, multiplied by 10. Points A and

B are given for orientation purposes (see Fig. 6-1).
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Fig. 6-20:

323 mm 322.6 mm 318.6 mm

x 0.1

Preform geometries after forming for the [02 90:]s tailored blank
Left: £, multiplied by 0.1; Middle: Original £»; Right: £, multiplied by 10. Points A and

B are given for orientation purposes (see Fig. 6-1).

x1 x 10
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For all three layups, the variation of transverse tensile properties do not have a consid-
erable influence on the overall location of out-of-plane wrinkles. The amount and
shapes of major wrinkles are also found not to be much influenced (few millimetres
variations).

Tab. 6-10: Lengths and widths indicated by white arrows in Fig. 6-18, Fig. 6-19 and Fig. 6-20.
The first values correspond to simulation results for E£2 multiplied by 0.1, the second
to simulation results for original E> and the third to simulation results for E> multi-
plied by 10

[0]s [0]s [02 902]s
300 x 300 mm? 350 x 350 mm? 350 x 350 mm?

Vertical length 233.1/235.3/ 285.3/284/ 280.5/280.7/
[mm] 236.5 282.7 280.3

Horizontal length ~ 242.9/238.6/  305.3/299.8/ 280.3/281.3/
[mm] 241.5 293.7 278.1

To complete the assessment, the computed fibre orientations are compared to experi-
mental measurements using the Matlab routine introduced in Chapter 6.1.2. Results,
which consist in cumulative errors, are presented in Tab. 6-11.

Tab. 6-11: Influence of transverse tensile properties on computed fibre orientations: cumulative
error between measured and computed fibre orientations. The first values corre-
spond to comparisons performed with E> multiplied by 0.1, the second to compari-
sons performed with original E> and the third to comparisons performed with E>
multiplied by 10

[0]s [0]s [02 902]s
300 x 300 mm? 350 x 350 mm? 350 x 350 mm?

Cumulative

7.60/6.22/8.44 15.40/13.32/15.61 6.68/7.40/6.68
error [°]

For the cross-plied layup, discrepancies (about 0.72°) are considered to be rather due
to inaccuracies in the measurements than to some influence of transverse tensile prop-
erties. Measurement inaccuracies are likely caused by post-forming deformations and
approximations in the positioning of the robot [204].

Deviations observed for unidirectional blanks are slightly more significant (up to 2.5°).
These can therefore not only be imputed to measurement inaccuracies. However, given
their small values, transverse tensile properties only seem to have a very limited influ-
ence on thermoforming simulation outcomes.
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According to the investigations presented in this section (preform geometries, out-of-
plane wrinkles and fibre orientations), the transverse tensile properties of the compo-
site tape do not seem to have considerable influence on simulation results.

6.3 Conclusion

The goal of this chapter was to validate and subsequently apply the FE thermoforming
simulation approach presented in this doctoral dissertation.

The validation was performed with a laboratory-scale thermoforming process and a
generic double-curved demonstrator. Investigations were conducted with three differ-
ent tailored blanks, which varied in sizes and layup arrangements. Comparisons be-
tween computed and experimental results demonstrated the quality and accuracy of the
presented approach. For all three blanks, the simulation appeared to be able to predict
proper preform geometries and external fibre orientations. Results also demonstrated
the ability of the simulation to determine critical areas where out-of-plane wrinkles can
potentially occur, although their exact shape and amount could not be predicted.

Once validated, the simulation approach was applied to two case studies. The first one
highlighted the benefit of accounting for separation films in FE thermoforming simula-
tions. Because separation films stiffen composite behaviour, they must be modelled in
the same manner as composite plies, i.e. with shell elements and a dedicated material
model. Further analyses with other types of films and demonstrator geometries would
be, however, necessary to generalise this outcome to other applications. The second
case study investigated the influence of the transverse tensile properties of the compo-
site tape on thermoforming simulation results. Results demonstrated, via a sensitivity
analysis, that they only have a limited influence.

According to the results presented in this chapter, the simulation approach presented in
this doctoral dissertation can now be used in an industrial context to support decision
making regarding, for example, the development and optimisation of manufacturing
techniques or the design of new components.






7 Conclusions and recommendations

The principal aim of the work presented in this doctoral dissertation was to develop
macroscopic FE thermoforming simulation models able to predict the potential occur-
rence of defects, such as out-of-plane wrinkles and fibre reorientations. The detection
of such defects is particularly important for quality and performance purposes since
they alter the shapes and the mechanical properties of final components. In industrial
applications, FE thermoforming simulations can enable significant cost and time sav-
ing by supporting early decision making regarding the design of new components and
the development of new manufacturing techniques.

The development of thermoforming simulations consists in the characterisation of ma-
terials and the elaboration of appropriate simulation approaches. Before simulations
can be considered for industrial applications, the reliability of their predictions must be
validated. To be relevant, such investigations are performed with processes and com-
ponents which have similar features as in the industry. In the scope of this work, the
presented simulation approach was validated based on a laboratory-scale thermoform-
ing process and a generic double-curved component. Tailored composite blanks were
manufactured according to industrial standards. These, which are composed of contin-
uous unidirectional carbon fibre-reinforced PA6 tapes, were prepared by an ATL tech-
nology and consolidated using a mechanical press.

In the following, the main achievements of this doctoral dissertation with respect to (i)
material characterisation, (ii) thermoforming simulation and (iii) validation and appli-
cations are highlighted and discussed. Recommendations for further investigations and
future applications are also made according to the goals listed in Chapter 1.2.

7.1 Material characterisation

Material characterisation aims to investigate material behaviour in order to determine
proper input parameters for the development of FE thermoforming simulations. With
this respect, both the unidirectional thermoplastic composite material and the separa-
tion film considered in this work were characterised. In a subsequent step, different
types of interactions were investigated.

Given that the behaviour of the thermoplastic composite material is much dependent
on temperature and thermoforming takes place under specific environmental condi-
tions, investigations were conducted, to the best possible extent, under similar envi-
ronmental conditions as forming occurs.

145
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Because of the lack of methods and test standards available in the literature regarding
the intra-ply characterisation of molten thermoplastic composite materials, two test
methods were developed. These methods, which consider the application of a DMA
system in a quasi-static manner, aim to characterise longitudinal out-of-plane bending
and transverse tensile behaviour. Although three different approaches were considered
for intra-ply shear investigations, only the outcomes obtained from a rotational rheom-
eter with a torsion bar test method [62, 66] could be accounted for characterisation
purposes. The DMA system and the rheometer showed to be well suited to characterise
molten unidirectional thermoplastic materials. In particular, they demonstrated good
ability to control testing parameters such as temperatures and test speeds.

Under longitudinal out-of-plane bending and transverse tensile loading, the molten
unidirectional thermoplastic composite material exhibited clear viscous behaviour.
Under intra-ply shear loading, an elastic dominated response with limited viscous ef-
fects was observed. This particular behaviour might be due to the fact that intra-ply
shear investigations were only conducted within material LVE region.

The main drawback of the presented test methods lies in the test speeds at which ex-
periments are performed and thus, strain rates at which specimens are characterised.
These might be limited for some industrial applications, in particular, for those carried
out at high forming speeds, e.g. 100 mm/s. To extend their testing capabilities, the
DMA system and the rheometer should be used dynamically outside material LVE
region rather than quasi-statically for the DMA system and dynamically within materi-
al LVE region for the rheometer.

The test methods developed and/or presented in this doctoral dissertation were suc-
cessfully applied to a non-cured unidirectional thermoset prepreg material, which
showed to have less viscous behaviour than its thermoplastic counterpart. However,
future studies should address the effect of clamping on characterisation test results.

The method considering a DMA system to carry out quasi-static tensile tests was also
applied to characterise, under environmental forming conditions, the mechanical be-
haviour of the separation film considered in this study (polyimide film). Given that the
material was considered isotropic elastic, only tensile tests were performed. Although
test results were globally non-linear, a Young’s modulus was derived from the early
linear, and assumed elastic, behaviour.

For the characterisation of contact properties under regulated environmental condi-
tions, a new test setup based on the “carrier test setup” was developed. With this
equipment, experiments can be performed at different temperatures, test speeds and
load levels. The presented apparatus showed to be able to characterise inter-ply slip in
molten unidirectional thermoplastic laminates for different test speeds and interactions
between treated films and tool for different test speeds and pressure values. Inter-ply
slip at high pressure values and contact between treated films and molten thermoplastic
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plies could not be characterised because of experimental issues. With this respect, the
design of the carrier should be modified in order to improve clamping capabilities.

Inter-ply slip in non-cured unidirectional thermoset laminates could not be character-
ised with the developed friction test setup because of material tackiness and the occur-
rence of a bending moment at the attachment hook. Future studies should consider
other types of apparatus, such as pull-out and pull-through test setups, rather than the
“carrier” approach. These appear to be better candidates because of their different
working principles and thus, the absence of bending moment at their attachment point.

7.2 Thermoforming simulation

The development of thermoforming simulation comprises both the calibration of the
material models and the preparation of thermoforming process simulation models.

The simulations presented in the scope of this doctoral dissertation were developed
using the commercial software Visual-FORM supplied by ESI Group and computed
with the solver PAM-FORM v.2012.0 and v.2013.0.

To model the molten thermoplastic composite tape, a constitutive model composed of
a thermo-visco-elastic matrix and elastic fibres was considered (MAT 140) and applied
to four-node shell elements. This model was selected because of its ability to depict the
specific, i.e. viscous, behaviour of the material. Because of some model specificities,
e.g. parameter coupling, characterisation test results could not be directly considered as
simulation input. Instead, experimental data were used in an inverse approach to iden-
tify suitable simulation parameters.

This identification process appeared to be rather difficult because of the limits of the
characterisation test method (transverse tensile tests were conducted for constant load-
ing rates rather than constant strain rates) and the restrictions of the material model.
One of the main drawbacks of this identification process, besides the effort, is that
identified parameters can significantly differ from experimental data. Therefore, these
parameters can only be regarded as simulation input without clear scientific signifi-
cance. The identification process would be more intuitive if the user could, for each
deformation mode, enter material data as they are obtained from characterisation tests,
1.e. stress-strain curves for given strain rates and/or temperatures. Based on the feed-
backs of their customers, ESI Group has made available this type of data entry in the
latest version of the material model MAT 140 (v.2015) [158].

Regarding the modelling of the polyimide separation film, an isotropic material model
(MAT 101) was considered and applied to four-node shell elements. In comparison to
the identification analysis conducted for MAT 140, investigations were easier since the
aimed value of the elastic modulus corresponded to the entered one.
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Contacts were managed by a symmetric node-to-segment with edge treatment algo-
rithm. All contacts were developed according to material characterisation test results,
except for the interactions between treated films and composite plies which could not
be characterised and for which a user-defined value was considered. In a similar man-
ner as for MAT 101, the identification of suitable friction coefficients was rather sim-
ple since simulation output corresponded to entered values. The interaction between
the tool and the separation film was modelled with an isotropic Coulomb model ac-
cording to characterisation test results. Although a speed dependency was experimen-
tally observed, inter-ply slip behaviour was modelled with a simple orthotropic Cou-
lomb law because of the restriction of the simulation software. With this respect, the
development of a more elaborated contact model, which can account for actual tem-
peratures, fibre orientations, speeds and if required, pressures, should be addressed in
future work.

Thermoforming simulation models were developed according to the experimental
forming process. Similar blank geometries, layup arrangements, test speed and pres-
sure were considered. The only difference between the experimental process and the
simulation models lies in the modelling of the separation films. To prevent the occur-
rence of dynamic effects, separation films were modelled as plain plies, i.e. without
cut-outs. This simplification is, however, not expected to influence simulation results
since, during forming, polyimide films stick to the blanks and are only subjected to
small deformations.

7.3 Validation and applications

The validation aims to demonstrate the potential of the presented simulation approach.
For this purpose, computed and experimental results are compared according to several
criteria. By analogy with industrial applications, validation was conducted with a la-
boratory-scale thermoforming process and a generic double-curved demonstrator. The
simulation approach was assessed according to its ability to predict preform geome-
tries, external fibre orientations and out-of-plane wrinkles. Comparisons regarding
preform geometries (maximum 7% deviation) and external fibre orientations (maxi-
mum 6° deviation) demonstrated the quality and accuracy of the presented simulation
approach. Results also showed the ability of the simulation to determine critical areas
where out-of-plane wrinkles can potentially occur, although their quantity and shapes
could not be exactly predicted. For finer predictions, a finer mesh should be consid-
ered. However, for computational efficiency purposes, the mesh size of the models
presented in this doctoral dissertation was not modified. To enhance actual validation
methods, future work should consider comparing the fibre orientations of all composite
plies, rather than for the external layer only, and for the entire component, rather than
for limited regions of interest. Comparisons could also be conducted according to other
types of criteria, such as fibre strains.
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Once validated, the simulation approach was applied to two use cases. The first one
highlighted the benefit of modelling separation films in the same manner as composite
plies, i.e. with a layer of shell elements and a dedicated material model, in FE ther-
moforming simulations. The second application showed, via a sensitivity analysis, that
the transverse tensile properties of the composite tape only have limited influence on
simulation results. This result might be of particular importance for the development of
future thermoforming simulations.

For future work, the modelling of non-isothermal thermoforming processes could be
considered. These processes occur in some industrial applications when the tempera-
ture of the mould is around thermoplastic glass transition temperature to enable rapid
cooling and consolidation. For the development of such FE thermoforming simula-
tions, new material characterisation test methods, e.g. characterisation of thermal con-
ductivities, and material modelling approaches, e.g. implementation of thermal-
mechanical constitutive laws, should be investigated.
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A Appendix
a Appendix to Chapter 1.1
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Fig. A-1: Thermoforming unit belonging to the Chair of Carbon Composites of the Technical
University of Munich (TUM-LCC) [S3]
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Fig. A-2: Typical cycle applied to the consolidation of tailored thermoplastic composite blanks
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b Appendix to Chapter 4.1.1.3

The approach presented in this appendix has been developed in collaboration with
Hormann and published in [K7, K8, 160].

Basics about dynamic (oscillatory) tests

Most of the content of this section, including text and figures, is based on [K8] and
[190].

In oscillatory experiments, the material is subjected to a sinusoidal shear deformation
of angular frequency w and amplitude yo:

Y(t) = yosin(wt) (A-1)

where yp must be kept reasonably small to ensure to stay within material LVE region.
Correspondingly, the stress response has a sinusoidal form:

7(t) = tosin(wt + &) (A-2)

where 179 is the stress amplitude and ¢ the phase lag. The phase lag characterises mate-
rial viscoelasticity. As illustrated in Fig. A-3, the stress response has the particularity
not be in-phase with the entry signal.

A

Input signal (strain)
5 Output signal (stress)

y(t) = yosin(wt)

x Xime
T(t) = 1osin(wt + 6)

Fig. A-3: Typical sinusoidal strain and stress signals during dynamic experiments

Strain, stress

Given that strain and stress signals are sinusoidal, the resulting shear modulus is com-
plex and denoted G

(1) .
G'=—2=G+i-G" (A-3)

I70)
As a complex number, G* consists of a real part G called storage and an imaginary
part G called loss modulus. While the former represents elastic contributions, i.e.
amount of energy stored during the deformation, the latter represents viscous aspects,
i.e. amount of energy dissipated during the deformation [190]. The expressions of stor-
age and loss moduli are given in equation (A-4):
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G”
6'=Lcos(8) 6" =Csin(s)  tan(8) = — (4-4)
0 Yo G

New test method using a rheometer in a parallel platens configuration
Most of the content of this section, including text and figures, is based on [K8].

The innovative test method presented in this section considers (i) the method of Rogers
for the determination of storage and loss shear moduli from dynamic (oscillatory) ex-
periments conducted with a rotational rheometer [61] and (ii) Haanappel and Akker-
man post-processing method to convert results from frequency into time domain [62,
66]. Further details are given in Appendix b.

Rogers’ method

The presented test method considers a rotational rheometer and a parallel platens test
setup. Experiments are carried out with centred single ply specimens of rectangular
cross-section (see Fig. A-4). Unlike Groves, these do not cover the whole platens (see
Chapter 4.1.1.1). To ensure good adhesion, some normal force Fy is applied. During
testing, the gap thickness d remains constant. The contact between the specimen and
the platens is assumed to be perfect (no slippage). The specimen is twisted when the
upper platen starts oscillating at a frequency f. These experiments are conducted at a
prescribed angle of twist signal 8(¢). The torque signal M(?) is measured as response.
Expressions of the twist and torque signals can be written as follows:

0(t) = B,sin(wt) (A-5)
M(t) = Mysin(wt + &) (A-6)

where 6y is the amplitude of the angle of twist, M) is the amplitude of the torque, w is
the angular frequency, ¢ is the phase lag and ¢ is the time.

AX;
¥ T —
H |
<[ e
ot N X
: : AX,
TV :
Fig. A-4: Front view (left) and top view (right) of a rectangular unidirectional composite spec-

imen subjected to shear in a parallel platens test setup mounted on a rotational rhe-
ometer
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In 1989, Rogers correlated longitudinal and transverse shear behaviour of molten uni-
directional CFRTP materials with the output of oscillatory experiments conducted with
a parallel platens test setup [61]. Rogers particularly derived that, when a viscoelastic
material is twisted, the amplitude of the torque My and the phase lag J can be related to
the transverse Gy and longitudinal G; storage shear moduli and transverse Gy and lon-
gitudinal G, loss shear moduli, the amplitude of the angle of twist 6y and the gap
thickness d through the relations presented in equations (A-7) and (A-8). The geometry
of the specimens is accounted via the second moments of inertia /; and />.

0 A-7
Mycosé = (IyGi +IxG})EO (A7)

0 A-8
Mosing = (I,G}' + LG} EO (A-8)
If specimens of rectangular cross-section measuring 2L x 2H, where 2L is the dimen-
sion along fibre direction and 2H is the dimension transverse to fibre direction, are

considered (see Fig. A-4 right), equations (A-7) and (A-8) can be rewritten as:

3Modcoss _ ., ., <L)2 (A-9)
40,LH3 ~— 7 TT\H

3Modsing _ ., G,,<L>2 (A-10)
40,LH3 ~— b T

As shown in equations (A-9) and (A-10), if tests are conducted with specimens of dif-

ferent aspect ratios (L/H) and subsequently plotted against (L/H)?, results should be
2

aligned with a first order polynomial regression of the form a(%) +b, in which the

slope a represents the loss (or storage) transverse shear modulus and the intercept with
the y-axis b the loss (or storage) longitudinal shear modulus (see Fig. A-5). [61]

— First order polynomial regression
O Intercept with y-axis

® Calculated from measurements

Transverse shear modulus

Storage or loss modulus [Pa]
@

Longitudinal shear modulus

Fig. A-5: Typical determination of storage/loss transverse and longitudinal shear moduli using
the method introduced by Rogers
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In a parallel platens test setup, specimens are subjected to transverse 4Xr and longitu-
dinal 4X; displacements (see Fig. A-4 right). Because the amplitudes of the angle of
twist 6y remain small, maximum displacements at their tips are expressed as follows:

AXp =L-tan(8y) ~L -6, (A-11)
AX, = H-tan(8,) ~ H - 6, (A-12)

Based on Fig. A-4 left, maximum transverse yr and longitudinal y; shear strains at the
tip of the specimens can be also approximated as follows:

L6, (A-13)
VT,max ~ d

H-0, (A-14)
VL,max ~ d

Shear rates in parallel platens experiments varies from zero at the centre of the speci-
men to a maximum value at the tip of the specimen. Maximum transverse and longitu-
dinal shear rates at the tip of the specimens can be calculated as follows:

]./T,max =W YT max = 2-m- fVT,max (A-15)

)'/L,max =W 'YLmax = 2-m- fy,, max (A-16)

Analysis of experimental test results

The presented test method has been developed for experiments performed within mate-
rial LVE region. In the scope of this work, only longitudinal shear is investigated.

Based on the LVE theory, transient shear stresses 7 can be calculated according to
Boltzmann integral [190]:

t

(t) = f G,.(t —s)y (s)ds (A-17)

S=—00

where G- is the shear relaxation modulus and y is the shear rate.
As recently detailed by Haanappel and Akkerman [62, 66], the longitudinal shear re-
laxation modulus can be approximated using Schwarzl and Struik [165] and Schwarzl
[166] finite difference scheme:
)
G, (t) = G (w) — 0.528G)' (E) +0.112G} (w) + 0.0383G6/(2w)  (A-18)

where t = 1/m.
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Haanappel and Akkerman [62, 66] reported that if experiments are performed at con-
stant shear rates y and the shear relaxation modulus G, is approximated with a second
order power law function of the form at™® + G, where a, b and G are constant coef-
ficients determined by curve fitting, transient shear stresses 7 can be written as follows:

. a —
(t) = y(th—mtl b) (A-19)

where the constant shear rate y is related to the shear strain y and the frequency f:

YO =y w=y@) 2-7f (A-20)

In a parallel platens test setup in which small angles of twist are applied, the longitudi-
nal shear strain y, can be calculated as follows:

H - 6,(t)

. (A-21)

Y (t) =

In order to maintain constant shear rates, experiments must be conducted for conven-
ient variations of the angle of twist .
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¢ Appendix to Chapter 4.1.4.2

Determination of transverse viscosity from transverse tensile tests
The content of this section is based on [P3].

For transverse tensile tests, the Newtonian fluid model correlates transverse tensile
stresses o to the transverse viscosity #; and the transverse tensile strain rate &, as fol-
lows:

Or = 21:&; (A-22)

Transverse strain rates &, in fluid systems subjected to large elongational deformations
read [81]:

= (A-23)

where V' is the current test speed, L is the current specimen length, Ly is the initial
specimen free length and D is the displacement. The transverse viscosity #; can be de-
rived from transverse tensile tests by combining the equations (A-22) and (A-23):

_0¢(Lo + D)

T (A-24)

Ne

Equation (A-24) is given as equation (4-8) in Chapter 4.1.4.2.

Determination of PAM-FORM viscosity

As described in PAM-FORM solver notes [155], composite viscosity #pam is deter-
mined with respect to strain rates €;; and deviatoric stresses Sj;:

Sij = 2Npaméij (A-25)
The general expression of deviatoric stresses reads:
O-ij = SU + O-‘mIij (A-26)

where o;; 1s the Cauchy stress in ij-plane, S; is the deviatoric stress in ij-plane and oy, is
the hydrostatic stress and /;; is the identity matrix.

By rewriting equation (A-26) for shell elements (o33 = 0):

011 = 2511 + S22
0-22 - Sll + 2522 (A-27)

012 = S12
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By combining equations (A-25) and (A-27), a relation between PAM-FORM compo-
site viscosity 77r4m, Cauchy stresses ¢ and strain rates € can be derived:

011 = 2Npam (211 + &22)
022 = 2Npay (€11 + 2€27) (A-28)
O12 = 2Npaméi

Let consider a transverse tensile test similar to this presented in Fig. A-6.

A
v

Fibre direction
+—>

Lo

Fig. A-6: Schematic of a transverse tensile test
W: Width; Lo: Initial free length; ho: Initial thickness; D: Displacement; F: Force.

By applying the principle of virtual power, the following expression can be derived:
FD = Volo-ijéij (A-29)

where F'is the force, V,; is the volume of the specimen, o;; is the Cauchy stress in ij-
plane and &;; is the strain rate in ij-plane.

The assumption of incompressibility reads:
Vo = (Lo + D) W - hy = constant (A-30)

In transverse tensile tests, it can be assumed that all deformations occur perpendicular
to fibre direction and thus, are dominated by matrix and fibre/matrix interface behav-
iour. According to equations (A-28) and (A-30), equation (A-29) reads:

. . o:(Ly + D)
FD = AVympamét © Npam = D (A-31)

Using equations (A-24) and (A-31):

Npam = ? (A-32)
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d Appendix to Chapter 4.3.2

The cut-outs performed on the bottom sides of the base-platen and the specimen-platen
aim to lighten the weight of the friction test setup. These are presented in Fig. A-7 left
and Fig. A-7 right, respectively.

Fig. A-7: Cut-outs on the bottom side of the base-platen (left) and the specimen-platen (right)
[S6]

As presented in Fig. A-8, positioning rods are used to ensure that the carrier is placed
in a reproducible manner on the specimen-platen.

Carrier body

Positioning rods

Specimen-platen

Fig. A-8: Carrier body positioned on top of the specimen-platen using positioning rods [S6]
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e Appendix to Chapter 4.3.3.2

This appendix details (i) the preparation of carrier specimens and (ii) the modifications
performed on the carrier to prevent the specimens to rip off.

Preparation of carrier specimens

A heat gun, such as this presented in Fig. A-9 left (HL 2010 E supplied by Steinel), is
required to heat thermoplastic composite blanks above melting temperature. The tool-
ing designed for specimen preparation (see Fig. 4-33) is protected with polyimide tape
to ease specimen demoulding (see orange tape in Fig. A-9 right).

Fig. A-9: Heat gun used to heat thermoplastic specimens above melting temperature (left) and
specimen preparation tooling protected with kapton tape (right) [S8]

Before being heated (see Fig. A-10 right), flat specimens (70 x 77 mm?) are properly
positioned and clamped (see Fig. A-10 left).

Fig. A-10:  (Left) Thermoplastic specimen clamped at room temperature; (Right) Heat applied
with a heat gun [S8]
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The molten side of the specimen is formed into carrier geometry using a hood, i.e.
mould having female carrier geometry (see Fig. A-11 left). Pressure is applied manual-
ly during ten seconds (see Fig. A-11 right).

Fig. A-11:  (Left) Hood used to form a molten thermoplastic specimen; (Right) Forming of a
molten thermoplastic specimen into carrier geometry [S8]

Given that only one side can be formed at a time, the same procedure is repeated a
second time to form the other side. A formed specimen is presented in Fig. A-12.

Fig. A-12:  Top (left) and bottom (right) views of a carrier specimen [S8]
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Modifications of carrier design

To prevent the specimen to rip off, the design of the carrier is modified as follows:

e Supplementary screws are added on the specimen attachment plates to improve
clamping capabilities (see Fig. A-13). These do not go through the specimen
but increase the pressure applied on it,

e A metallic plate is added behind the carrier to prevent specimen slippage (see
Fig. A-14).

Added
SCrews

Fig. A-13:  Addition of screws on specimen attachment plates
Left: CAD model; Right: Carrier after modification.

Added
plate

Fig. A-14:  Addition of a metallic plate behind the carrier
Left: CAD model; Right: Carrier after modification.
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f Appendix to Chapter 4.4.1

The preparation of prismatic specimens (see Fig. A-15) made out of thermoset compo-
site tapes is relatively complex due to the soft and tacky aspects of the material at room
temperature. To prevent the occurrence of important inter-laminar shear deformations,
specimens are therefore cut in their frozen state.

However, because the material softens at the location of the cut, some inter-laminar
shear deformations still arise (see Fig. A-16). These are nonetheless considered not to
influence characterisation test results since they are localised at the tips of the speci-
mens, which are clamped during testing.

Fig. A-15:  Prismatic bar specimen made out of non-cured unidirectional thermoset tapes

Fig. A-16:  Typical (left) and extreme (right) localised inter-ply shear deformations at the tips of
the specimen
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g Appendix to Chapter 4.4.2

The outer layers of some specimens are examined using an optical measuring system
(ProFactor sensor [177]) to control whether they have a homogeneous unidirectional
fibre orientation aligned to the specimen side length (see Fig. A-17). Although meas-
urements are not performed for all specimens, results are assumed to be representative.

Fibre orientation [°]

: B G U T
50 | 1 %0
150 fo 21 - 50
[ k] . I BN 1
100 200 300 400 500 600

Fig. A-17:  Typical external fibre orientation of a non-cured unidirectional thermoset specimen
(scale [-90°, +90°])

An average fibre orientation of 0.11° (£13.59°) with respect to the specimen side
length is to be reported. Reorientations are mainly caused by the soft and tacky aspects
of the material during specimen preparation (room temperature). Deviations can be
especially noticed within the central region of the specimens, i.e. where the specimens
are held (see Fig. A-18).

Fibre orientation [°]

10
50 5
100 0
150 °

-10

100 200 300 400 500 600

Fig. A-18:  Typical external fibre orientation of a non-cured unidirectional thermoset specimen
(scale [-10°, +10°])
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h Appendix to Chapter 4.4.3

The outer layers of some specimens are examined using an optical measuring system
(ProFactor sensor [177]) to control whether they have a homogeneous unidirectional
fibre orientation perpendicular to the specimen side length (see Fig. A-19). Although
measurements are not performed for all specimens, results are assumed to be repre-
sentative.

Fibre orientation [°]

120
100
80

60

pd b Tt S o .
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Fig. A-19:  Typical external fibre orientation of a non-cured unidirectional thermoset specimen
(scale [-45°, +135°])

An average fibre orientation of 89.61° (+14.39°) with respect to the specimen side
length is to be reported. Reorientations are mainly caused by the soft and tacky aspects
of the material during specimen preparation (room temperature).
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i  Appendix to Chapter 5.1.4

This appendix (i) presents the analyses performed to select a convenient velocity scale
factor and (ii) details how an initial intra-ply shear modulus of about 8 GPa is calculat-
ed.

Velocity scale factor

To determine a suitable velocity scale factor, a preliminary study is conducted with the
model developed for transverse tensile test simulations (see Chapter 5.1.2). To be con-
sidered as a kinematic boundary condition, the original loading rate (0.025 N/min) is
approximated by a bilinear velocity curve (see example presented in Fig. 5-2).

0.012 |- ]
0.01 -
0.008 1
=3
[0
© 0.006 1
o
L
Y
0.004 | 1
\ 4
0.002 |- Original results | -
—&8— Scaling x10
—%— Scaling x100
O 1 1 1 1 1
0 2 4 6 8 10

Displacement [mm]

Fig. A-20:  Analyses performed to identify proper velocity scale factor
Investigations conducted for a transverse tensile test at 0.025 N/min.

Investigations performed with factors of 10 and 100 clearly highlight that only a veloc-
ity scale factor of 10 can be applied (see Fig. A-20). Compared to the original simula-
tion, computations are about ten times faster.
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Initial intra-ply shear modulus calculation

The initial intra-ply shear modulus of about 8 GPa is calculated according to material
characterisation test results, on the one hand, and the consideration of specific shear
rate and shear strain values, on the other hand.

The first step consists in approximating the shear rate experienced by the material dur-
ing a picture frame test conducted at a crosshead speed of 50 mm/min. This is achieved
by deriving equation (A-33), which enables the determination of material shear angles
y during picture frame experiments [47]. The result is given in equation (A-34), where
¥ is the shear strain rate, Lpame is the length of the frame (200 mm), d is the crosshead
speed (50 mm/min), ¢ is the time and d is the crosshead displacement. The derivative is
calculated assuming that Lgume and ¢ are positive values [207].

om 1 d(t)
y(t) = 5~ 2 - arccos <ﬁ — 2Lframe> (A-33)
. d(t)
rm = (A-34)

Lframe\/ZLframe2 - d(t)(zﬁLframe + d(t))

Because shear rates are non-constant during picture frame tests performed at constant
crosshead speeds, an average value over a displacement of 90 mm is calculated. An
average shear rate of about 0.008 1/s is considered.

In a second step, the angle at which out-of-plane wrinkles occurs in a picture frame
test, i.e. about 10° (see Chapter 4.1.1.2), is converted to a shear strain value for torsion
bar tests. According to equation (A-35), the shear strain y during a torsion bar test is
related to the angle of twist 6, the free length of the bar L (about 47 mm) and the thick-
ness of the specimen 7" (about 11 mm) [62, 66].

T

r="" (A39)

After calculation, the shear strain value is equal to about 0.04.

By using shear strain rate and shear strain data in combination with material character-
isation results (equation (A-19) with the parameters identified from Fig. 4-9) and as-
suming linear behaviour, an intra-ply shear modulus of about 8 GPa is calculated.
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j Appendix to Chapter 5.1.5

Sensitivity analysis is conducted to investigate the stability, the convergence and the
accuracy of the material model. For these purposes, the simulation time step is varied

via E;, p and the mesh size (see equation (5-2)).

Sensitivity analysis results performed with transverse tensile tests are presented in Fig.
A-21 and Fig. A-22 for variations of the longitudinal tensile modulus £; and the mesh

size, respectively.
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Fig. A-21:  Outcome of the sensitivity analysis (investigated parameter: E;)

Analysis conducted for transverse tensile tests performed at a loading rate of 0.125 N/min.
Results for 0.1 GPa and 1 GPa are not presented because of important and slight numeri-

cal instabilities, respectively.
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Fig. A-22:  Outcome of the sensitivity analysis (investigated parameter: mesh size)
Analysis conducted for transverse tensile tests performed at a loading rate of 0.125 N/min.
Identification analyses presented in Chapter 5.1.2 are performed with 63 elements.
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Sensitivity analysis results performed with three-point bending tests are presented in
Fig. A-23, Fig. A-24 and Fig. A-25 for variations of the longitudinal tensile modulus
E, the density p and the mesh size, respectively.

T T T T T T T T T
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Fig. A-23:  Outcome of the sensitivity analysis (investigated parameter: E;)
Analysis conducted for three-point bending tests performed at 10000 pm/min.
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Fig. A-24:  Outcome of the sensitivity analysis (investigated parameter: p)
Analysis conducted for three-point bending tests performed at 10000 um/min.
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T T T T T T T T T
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Fig. A-25:  Outcome of the sensitivity analysis (investigated parameter: mesh size)
Analysis conducted for three-point bending tests performed at 10000 pm/min.
Identification analyses presented in Chapter 5.1.3 are performed with 576 elements.
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k Appendix to Chapter 5.4

The Poisson’s ratio vup-crras of the unidirectional composite tape (UD-CF/PA6) is
approximated using the rule of mixtures:

vUD—CF/PAG = Vf : Vf + (1 - Vf ) "Vm (A-36)

where Vris the fibre volume fraction, vy is the fibre Poisson’s ratio and vy, is the matrix
Poisson’s ratio.

Tab. A-1: Matrix and fibre Poisson’s ratios

Matrix Poisson’s ratio [208] Fibre Poisson’s ratio [209]

[-] [-]

0.39 0.30

Based on equation (A-36) and material data presented in Tab. 1-1 and Tab. A-1, the
composite Poisson’s ratio reads:

Vup-cr/pas = 0.347 (A-37)
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| Appendix to Chapter 6.1.4

As presented in Chapter 5.3, Santner [203] reported a decrease of the frictional force
when plies, composed of shell elements, are superimposed on top of each other (see
Fig. A-26 left). To prevent such an issue to occur, thermoforming simulation models
are developed with slightly disorganised film-composite-film layups (see Fig. A-26
right). Displacements of maximum 0.5 mm are applied between two adjacent plies.

Fig. A-26: Superimposed (left) and disorganised (right) layup
Example given for a generic stack of ten plies.
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m Appendix to Chapter 6.1.5.2

The marks left by the separation films on the surfaces of the preforms (see Fig. 6-7)
are considered as fibre orientations by the Matlab routine [204] (see Fig. A-27 and Fig.
A-28). Because they influence the calculation of average fibre orientations, measured
values are filtered. In the scope of this work, all fibre orientations smaller than -20°
and larger than +20° are considered as spurious and thus, discarded.
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Fig. A-27:  Typical fibre orientations detected from a measurement taken on a marked surface
Example given for the [0]s 350 x 350 mm? stack (ROI 5).
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Fig. A-28: Histogram representing the distribution of fibre orientation of the measurement
presented in Fig. A-27
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