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Summary

Laser-Assisted Fiber Placement (I-AFP) is able to place composite tapes in very precise directions,
thereby allowing tailored stiffness designs. The laser is used to heat the thermoplastic matrix material
to temperatures above its melting point. Carbon Fiber Reinforced PEEK Thermoplastic Composite
(CF/PEEK) is a popular choice for aerospace grade structures due to the high structural performance
and high glass transition and melting temperatures. Current [.-AFP research is driven by the desire
to produce Out-of-autoclave (OOA) laminates with a performance comparable to autoclave level. This
will remove manual, labor intensive, and energy consuming steps, leaving a repeatable and automated
process that is more predictable.

A key phase for the performance of a laminate during [.-AFP is the development of intimate contact.
Recent research showed the effects of thermal deconsolidation due to rapid laser heating and questioned
the current practice of characterizing the surface of the composite tape material for the intimate contact
development models: instead of characterizing the pristine tape surface, the laser deconsolidated surface
should be characterized. Additionally, another dominant physical mechanism, driving the intimate
contact development was proposed based on the observations of thermal deconsolidation. These ideas
are novel and require more extensive understanding of what thermal deconsolidation due to rapid laser
heating is, how it affects intimate contact development.

The effects of rapid laser deconsolidation were studied by performing (1) a rapid laser deconsoli-
dation experiment where CF/PEEK samples were prepared and (2) an intimate contact development
experiment where the specimens were compressed under constant pressure while being subjected to a
temperature profile. Three degrees of deconsolidation were manufactured with the laser set-up: (1) zero
deconsolidation by using the as-received tape directly as specimens, (2) slightly laser deconsolidated
tapes which experienced maximum temperatures between the glass transition and melting region, and
(3) highly laser deconsolidated tapes that experienced temperatures above the melting point. All sam-
ples were characterized on void content, roughness, and waviness; all of which significantly increased
which showed that the state of the tape right before the nip-point during [.-AFP is significantly different
than the pristine state of the CF/PEEK tape.

The intimate contact development experiment was carried out with pressure levels of 10, 50, 100, and
300 kPa reaching maximum temperatures of 363 °C. Decreasing the degree of deconsolidation or increas-
ing the pressure resulted in better consolidation. At 10 kPa, most of the characterization showed very
little difference from a pristine tape, but a significant amount of Degree of Effective Intimate Contact
(DEIC) was developed, with 36 % for the highly laser deconsolidated tape to 46 % for the as-received
degree of deconsolidation. At the highest pressure of 300 kPa, no significant difference between the
degrees of deconsolidation was observed as the average DEIC values are between 85 to 87 %. Additional
intimate contact development temperature settings below melt showed that no intimate contact was de-
veloped below the melting temperature. During the glass transition, a significant compaction occurred
which eliminated most of the void content. Between the glass transition and melting temperature,
however, void content, thickness, and roughness all remained constant. At the melting point, a second
thickness compaction occurred together with the development of DEIC and decrease of roughness which
appeared to also relates with resin percolation.
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Chapter 1

Introduction

Fiber reinforced composite structures have been a topic of interest for a long time in the aerospace
sector and beyond. Usage of composites increased from 15% in the Airbus A320 and 25% in the
Airbus A380 [9] to 50% composite weight ratio in the Airbus A350 XWB and Boeing 787 Dreamliner
[10, 11]. Current manufacturing processes for composites rely on an autoclave step to cure the thermoset
epoxy or to fully consolidate the thermoplastic plies while decreasing the void content to less than 1%
[12]. The autoclave step is expensive as it consumes a lot of energy, time, and manual labour. A
promising solution to make thermoplastic composite manufacturing more competitive is by adapting
Out-of-autoclave (OOA) techniques. Automated Fiber Placement (AFP) is a production process where
thermoplastic carbon fiber tapes are first heated above melting temperature and then placed on top
of each other by a robot; allowing to produce geometrically contoured parts, while controlling stiffness
direction properties. Additionally, this method produces much more consistent quality than manual
lay-up by hand, thus less performance variation, resulting in lower design margins. Yet, after lay-up
these parts are often vacuum bagged and further consolidated in an autoclave. By means of in-situ
consolidation, a thermoplastic tape above its melting temperature can be fully consolidated onto the
previous layers with enough pressure and consolidation time. While autoclave and press-consolidated
processed thermoplastic composite parts are already used in aircraft production, OOA AFP laminates
require mechanical performance closer to autoclave processed parts at industry desired lay-up speeds in
order to satisfy aerospace performance demands and economical viability [13]. Current developments
focus on laser heating to elevate the composite tape temperature

This thesis aims to contribute to the understanding of the physical mechanisms that play a role
during [-AFP by investigating the effect of the laser heating phase on the subsequent development of
intimate contact which plays an essential role in the final laminate quality and performance properties.

First, Chapter 2 provides a general overview of the [.-AFP process which will then elaborate on
the importance of intimate contact development and the leaser heating phase on the laminate quality.
Based on the literature assessment, Chapter 3 identifies a gap and formulates the research questions
and hypotheses. Chapter 4 describes the material, experimental set-ups and characterization methods
that are employed. The preparatory rapid laser deconsolidation results are presented in Chapter 5 and
the intimate contact development results are discussed in Chapter 6. The research will be concluded
in Chapter 7. Finally, Chapter & suggests improvements of the current study and other potential
directions that can be pursuit to further advance knowledge about the effects of the laser heating phase
and intimate contact development.






Chapter 2

Literature Review

This chapter dives deep into the state of the current literature. Section 2.1 provides an overview of
the L-AFP process. Section 2.2 explains why bonding is both a prerequisite and key driver to achieve
interlaminar strength. Intimate contact developments, which is the first phase of bonding, is discussed
in Section 2.3. One of the aspects that is often not taken into account in L-AFP simulation models, is the
effect of the laser heating on the composite material. Section 2.4 provides a review of the conventional
thermal deconsolidation literature and the differences with the thermal deconsolidation during rapid
laser heating. Section 2.5, then explains a novel intimate contact theory that was proposed based on
observations of thermal deconsolidation due to rapid laser heating. In the last section, Section 2.6, main
points are concluded which also serves as a prelude to the research framework that is presented in the
next chapter.

2.1 Laser-Assisted Fiber Placement

Two common processes are present for automated lay-up; AFP which defines narrow tapes that are
able to lay-up double curved parts and Automated Tape or Tow Laying (ATL) aimed to wider tapes,
thereby able to lay-up a bigger area than a single tape, but only able to operate single curved parts.
Automated Tape or Tow Placement (ATP) is often used to refer to both processes. Neglecting curvature
and tape steering, all these processes are fundamentally the same. This thesis study will stick to the
AFP terminology, but the findings can be applied to any form of tape laying.

Heat Source To achieve in-situ consolidation, a heat source is required to heat up the thermoplastic
matrix above its melt temperature. Various heating sources have been used and proposed in literature
as one of the most used conventional methods [14, 15]. However, advancements in laser technology led
to comparisons favoring [-AFP for its heating efficiency and response time [16, 17]. Early research
with CO4 lasers was positive [18], but there is interest in Infrared light (IR) spectrum lasers, such as
VCSEL, where the matrix is transparent to the laser, enabling to directly heat the fibers and reducing
matrix oxidation and burning.

Process Description An illustration of all the components is given in Figure 2.1, this paragraph
discusses the components involved. A laser is directed towards the nip-point, where the incoming tape
and substrate merge, and heats both incoming tape and substrate. Process settings determine the
heated lengths of the tape and substrate and the angle of incidence of the laser affects how close the
laser light can approach the nip-point. At the nip-point, the incoming tape shall be above melting
temperature in order to allow bonding between the incoming tape and substrate. Figure 2.2 shows
tape and substrate temperatures as well as the applied pressure during the process. The thin tape
dissipates its energy via convection to the surrounding air while the substrate, probably consisting of
multiple layers, is also in contact with the tool it is layed on. Towards the nip-point it is harder to
heat the tape since the tape aligns more and more parallel to the laser beam. Additionally, close to the
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Figure 2.1: L-AFP process configuration. Figure from [1].

nip-point there is a shadow region where the laser will not reach the tape and substrate. Hence, the
maximum temperature is achieved before the nip-point. At the nip-point, the tape and substrate make
contact and their temperatures merge to a single temperature. At the same time, the consolidation
roller quickly starts to apply pressure and bonding can occur. After the consolidation roller has passed,
the pressure is released and temperature keeps decreasing as there is no heat applied any more after
reaching the laser shadow area in front of the nip-point.

When the molten tape and substrate make initial contact, the pressure will deform the material to
align with each other. The process of geometric deformation of the tape to align with the substrate
or tool is called intimate contact development. Figure 2.3 (a) illustrates two polymeric mediums that
developed full intimate contact with a dashed line representing the interface that is still apparent. In
the next step, Figure 2.3 (b), the polymer chains of the matrix between the two mediums start to
intermingle which is called autohesion. Finally, provided that the polymer chains had enough mobility,
applied pressure and time to diffuse, the interface will disappear as there is full intermingling of the
polymer chains between both sides of the interface as is seen in Figure 2.3 (¢). Thus the tape and
substrate will be fully bonded. The lay-up speed and contact area of the consolidation roller determine
the amount of consolidation time for the intimate contact development and subsequent autohesion.
The autohesion process occurs above the glass transition temperature for amorphous polymers and
scales with the chain mobility, thus at higher temperatures the autohesion occurs faster. The required
pressure is less important as the required pressure to compact the fiber bed is much higher [3]. During
this process, temperature has an important impact on the material characteristics, such as viscosity,
and the also final laminate properties for example relating to the crystal lattice structure are affected
by the processing window of the L-AFP process.
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Figure 2.2: Temperature and pressure measurements during L-AFP lay-up. Figure from [2].
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2.2 L-AFP Laminate Performance and Quality

One of the main goals is to achieve laminate performance comparable to autoclave quality at lay-up
speed desired by industry. The latter is relative and depends on the industry and purpose of the
produced part. This section will look at the mechanical performance of L.-AFP produced laminates
versus conventionally produced laminates such as press-consolidation and autoclave.

OOA CF/PEEK L-AFP laminates performed worse than autoclave consolidated laminated ones
in flexural strength and stiffness, Inter-Laminar Shear Strength (ILSS) and Open-Hole-Compression
(OHC) experiments due to more interlaminar voids present between the plies [13]. The interlaminar
voids represent areas between the plies where no bonding has been achieved. Interestingly, in the
same research [13], the OOA L-AFP laminates performed better in wedge peel strength performance.
More plastic deformation of the matrix was possible due to the highly amorphous morphology of the
polymer whereas the autoclave laminate exhibits a stronger fiber-matrix interface than matrix-matrix
performance. Bonding between two plies is a prerequisite to achieve any interlaminar strength. The
degree of bonding, Dy, is a key driver to predict the interlaminate bond strength [19, 20].

2.3 Squeeze Flow Based Intimate Contact Development

This section introduces intimate contact development in general. Starting with its relation and im-
portance with respect to the laminate quality by discussing bonding in Section 2.3.1. The physical
mechanism is presented by discussing the well established modeling approaches based on concept of
squeeze flow of surface asperities in Section 2.3.2. Note that some of the findings in Section 2.4 question
this squeeze flow of surface asperities theory and Section 2.5 presents a different an approach involving
the physical mechanisms related to the flow through a permeable medium. Sections 2.3.3 and 2.3.4
present the approaches to characterize the material viscosity and tape surface representation. Section
2.3.5 discusses various methods to measure the developed intimate contact.

2.3.1 Bonding

As explained by Dara and Loos [3], bonding can be decomposed into the development of intimate
contact where two surfaces conform their geometry and, subsequently, the autohesion process during
which the polymer chains diffuse across the interface resulting the interface to disappear (no microscopic
distinction can be observed) between both sides. During autohesion, the bond strength is developed
[3, 19-22]. A simplified expression for the degree of bonding is provided by Mantell and Springer [23],

Dy = D;.Dgp, (2.1)

where D,. is the degree of intimate contact and D, is the degree of autohesion. A nonisothermal
autohesion model of Yang and Pitchumani is often used [19, 20], however for the purpose of simplifying
the equations or longer processing times, one can assume instantaneous autohesion D, = 1 [23] which
emphasizes the importance of the intimate contact description

Db ~ Dic» (22)

hence this section focuses purely on the intimate contact development due to its importance to the
laminate strength.

2.3.2 Simulation Models

Dara and Loos [3] also proposed an intimate contact development model wherein the tape surface is
represented as a statistical distribution of rectangle sizes that flatten under the applied force. Also, only
half (top or bottom surface side) of a single tape is modeled which is then subjected to compression
by a rigid surface, this is equivalent to two mirrored tapes that have the exact same surface asperity
distribution that are being pressed onto each other. This principle of squeeze flow of surface asperities
became the standard for intimate contact development model in thermoplastic composite AFP research.
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Figure 2.4: 2D surface representations for the intimate contact models from: Dara and Loos [3], Lee
and Springer [4] and Yang and Pitchumani [5]. Figure from [6].

Lee and Springer [4] simplified the model to equally sized rectangles, and Mantell and Springer [23]
slightly reformulated the formula to allow for time dependent pressure and viscosity

2 te

1+5(1+@> (@) / P
bo bo 0 Hmf
with ratios 32 and 3¢ describing the width and aspect ratio of the rectangular elements (see Figure 2.4),
P the applied pressure, fi,,s the fiber-matrix viscosity, the latter two integrated over the consolidation
time to. Figure 2.4 depicts the difference between the surface representations of Dara and Loos [3] and
Lee and Springer [4]. This formulation and a simplified version [23] have been widely used in literature
to simulate and validate intimate contact development [14, 24-31].

Another model, by Yang and Pitchumani [5], based on the squeeze flow of surface asperities makes
use of surface roughness measurements to represent the surface as a fractal cantor set

W 1[5 (ho\? fEBHH 0 p
DM = — -(—°> fw—g/ S dt+1
fr 14\ Lo (f+1)7 Jtuy Hms

calculating the degree of intimate contact, D;., for each generation n between t,41 <t < t,, with D
and f the fractal dimension and scaling factor that represent the surface and are obtained together with
the geometrical parameters of the first generation fy, ho, and Lo (see Figure 2.4 for an illustration)
via surface characterization. Being based on actual profile measurements and incorporating asperity
feature the sizes spanning multiple orders of magnitude, see Figure 2.4 for an illustration incorporating
three fractal iterations, this model has also been widely used [1, 20, 32-37].

1
5

1 7 (2.3)

T

Dic =

1
5

, (2.4)

2.3.3 Viscosity

Even though the aforementioned models have been widely adopted by literature, there exists a lack of
consensus regarding the viscosity. The authors of the aforementioned intimate contact models [4, 5,
23, 24] and others following their approach [15, 38, 39], use the fiber-matrix viscosity in the direction
perpendicular to the fibers, which can be argued by fact that the squeeze flow behavior extends the
tape width and, therefore, the modeled rectangular surface asperities as well. Fiber-matrix viscosity
and has been characterized by many researchers via the squeeze flow method [34, 10-44] as well as
other methods such as off-centered oscillatory rheometry [45, 46], a picture-frame experiment [417], and
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Figure 2.5: Tllustration of surface asperity size of Yang and Pitchumani’s [5] fractal surface represen-
tation with respect to carbon fiber size for the purpose of chossing between matrix and fiber-matrix
viscosity. Picture from [7].

a fiber pull-out set-up [48]. However, the resulting CF/PEEK viscosity values, from one publication to
another, range up to 2 orders of magnitude [46].

However, other researchers apply only the matrix viscosity without further reasoning [29, 31], base
their decision on the observation of a resin rich surface or areas [6, 7, 14], or argue that the surface
asperity size is smaller than the diameter of a carbon fiber and it is the matrix that needs to flow
in order to achieve development of intimate contact [7] which as Figure 2.5 depicts is not physically
possible for the fiber-matrix medium.

2.3.4 Surface characterization

All intimate contact models require a surface representation. These can are measured from the tape, but
sometimes they are also obtained by fitting the material parameters of the intimate contact development
model. This section provides a brief overview of machines used to characterize the surface directly. A
2D surface profile can be extracted from cross-sectional microscopy images [4, 7, 30]. To obtain a 3D
surface, contact profilometry can be used [5, 6], where Schaefer [6] also used atomic force microscopy
to supplement his fractal model with more detailed data. Nowadays, non-contact profilometry via
confocal microscopy allows to measure fine details without touching and potentially damaging the
sample [29, 39, 49, 50].

2.3.5 Intimate Contact Measurement

It is difficult to measure the developed degree of intimate contact. Often, the degree of intimate contact
characterization methods only measure the degree of bonding or the bonding is assessed via structural
performance of the laminate. This section will not cover methods that work via mechanical testing.
Ultrasonic C-scans have been used to detect whether the layers in a laminate form a continuous medium
or if an interface is detected [3, 5]. Cross-sectional microscopy can also be used to quantify the voids
between two layers of a laminate, these areas can than be considered to not be in intimate contact
[7, 30, 50, 51]. Another method, presented more recently is via X-ray computed tomography [6].

All the aforementioned methods require bonding of two layers of tape. Celik et al. [39] proposed
a method two quantify the degree of intimate contact for a tape being layed onto a flat rigid tool,
applying Otsu’s threshold on the optical grayscale measurement of the surface. Instead of intimate
contact, the concept Degree of Effective Intimate Contact (DEIC) was introduced as the method only
quantifies flattened resin rich surface area. An advantage of this characterization is that it can be
more relevant considering resin is required for autohesion to occur, hence only DEIC area can perform
polymer reptation across the interface of two thermoplastic composite tapes. Additionally, intimate
contact models also simulate the deformation of a single tape onto a rigid surface, the experiment is,
therefore, more comparable to the intimate contact models than [.-AFP experiment laying a tape onto
a substrate.
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2.4 Thermal Deconsolidation

Deconsolidation does not have an exact definition and is often used to describe the state of the interface
between two tapes. However, deconsolidating can also occur for a single ply or carbon fiber tape. Ye
et al. [52] describes thermal deconsolidation of a thermoplastic composite as a negative impact on the
meso-structure or macro-performance induced by a heating cycle and also introduces the term ‘degree
of deconsolidation’ to describe the severity of the deconsolidation.

2.4.1 General Thermal Deconsolidation Mechanisms

Mechanisms that affect deconsolidation are [53]:
1. “Decompaction of the fiber reinforcement network

2. Void expansion of the interlaminar and intralaminar voids due to thermal gas expansion and
internal void pressure

3. Void shrinkage and coalescence of smaller voids into larger voids due to surface tension
4. Thermal expansion and viscoelastic behavior of the composite matrix”

Because void content can be quantified it is often used as an indication to express the degree of decon-
solidation [52, 54, 55]

An intralaminar void model in AFP research is based on the concept of deconsolidation in conjunc-
tion with Darcy’s law [56]. Khan et al. [15] applied this void model and relates the heating phase of the
tape with deconsolidation, which is then reversed under the pressure of the compaction roller, but an-
other deconsolidation increase takes place when the compaction roller leaves the tape while being above
the glass transition temperature. The deconsolidation, observed by Khan [15], occurs above the glass
transition temperature is due to the lack of pressure. Increasing pressure results in less deconsolidation
[57] until a certain minimum consolidation pressure is reached [55]. Due to the various mechanisms at
play, different values for minimum pressure have been found ranging from 20 kPa [40] to 200 kPa [54]
for certain CF/PEEK compositions.

2.4.2 Rapid Laser Deconsolidation

The research from the previous section is based on slow heating rates when compared to the L-AFP
process; Comer et al. [13] measured temperature rates of 442°C/s and Figure 2.2 from Stokes-Griffin
and Compston [58] shows a tape reaching 500°C in less then 0.2s and only another ~0.3s later the
consolidation roller applies pressure to the tape. Hence, the time-frame in [.-AFP deconsolidation is
much smaller which can have a significant effect on for example void development which can takes place
in in order of seconds [59]. Similarly, observations regarding the springback effect in deconsolidation
that is evaluated over a time span in the order of minutes [60] cannot directly be assumed to hold true
for the process conditions in [-AFP.

For the purpose of this thesis, the definition ‘Rapid Laser Deconsolidation’ is introduced in order to
distinguish the thermal deconsolidation experienced by a tape during [.-AFP from the more general or
less specifically defined term (thermal) deconsolidation.

Definition: Rapid Laser Deconsolidation

Thermal deconsolidation of a thermoplastic composite tape due to rapid laser heating from room
temperature to temperatures above the glass transition within a second.

In 2018, Kok [7] presented research about the effects of rapid laser deconsolidation using an L-
AFP set-up and constraining the minimum gap length that the unidirectional CF/PEEK tapes could
consolidate. Key mechanisms that were observed are fiber bed decompaction via fibers popping out of
the fiber bed which also leave cavities with voids behind and an increase in void size which suggests void
expansion and merging of smaller migrating voids. These observations are similar to the mechanisms
from more traditional thermal deconsolidation research [52, 53] discussed in the previous sub-section.
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Slange et al. [61] compared the deconsolidation mechanisms of L-AFP and press consolidated pro-
duced blanks from unidirectional CF/PEEK tape material and found that these have different key
drivers. Where thermal expansion of dissolved moisture was found to be most crucial for the press con-
solidated blanks, [.-AFP produced blanks deconsolidated to a greater extend due to other mechanisms
related to frozen-in fibers stresses.

A design of experiments study of the main mechanisms of rapid laser deconsolidation via a VCSEL of
CF/PEEK tapes by Choudhary [19] confirmed fiber decompaction as a mechanism and to be related to
residual stresses which, together with void growth due to absence of applied pressure, cause a thickness
of the tape. Also, large local temperature variations of +£100°C were observed and related to the
out-of-plane deformation. Minimizing the degree of deconsolidation is not straightforward as shorter
heating times did cause less surface roughness, void content and thickness increase, but the out-of-plane
deformation and width of the tape were affected to a greater extend.

2.4.3 Effect of Rapid Laser Deconsolidation on Intimate contact Develop-
ment

The intimate contact models based on the squeeze flow of surface asperities from Section 2.3 have all
been applied with characterization input from a pristine tape surface. Kok [7] was the first to consider
the effects of rapid laser deconsolidation on the application of the intimate contact development models.
The degree of intimate contact obtained from [-AFP experiments was compared simulation results of
Yang and Pitchumanis [5] model evaluated for both as-received and rapid laser deconsolidated tapes.
The rapid laser deconsolidated tape fractal surface representation exhibited wider and higher asperity
size than the as-received tape which caused the rapid laser deconsolidated simulation to yield higher
degrees of intimate contact that were closer to the experimental results. Here the model favors the
rougher surface representation whereas literature assumes that smoother tapes promote intimate contact
development [62].

Kok [7] also showed that the rapid laser deconsolidated surface was more fiber rich than the as-
received state. Resin is required for bonding to occur and resin rich surface tapes are generally assumed
to promote the development of intimate contact [6, 14, 62, 63]. Fiber rich bundles can potentially
prevent local void filling by the matrix and fiber rich through the thickness bundles can limit further
thickness reduction of the tape as a whole [62]. In another investigation, Slange et al. [64] showed better
consolidation of stamped [L-AFP produced blanks with a resin rich surface than the blanks without a
resin rich surface.

2.5 Fiber Re-impregnation Based Intimate Contact Develop-
ment

Based on the fiber rich surface observations due to rapid laser deconsolidation, Kok [7] proposes another
intimate contact development mechanism: instead of the squeeze flow of surface asperities, Kok argues
that fiber re-impregnation is needs to take place in order to achieve intimate contact of dry fiber area.

As basis, Kok uses the 1D fiber impregnation model used in Glass Mat reinforced Thermoplastic(s)
(GMT) research [65] where fiber impregnation is described by Darcy’s law, expressing the flow velocities
of liquid matrix, u;, and solid fiber network, u,, as

K oprP

Tu-Vp) 0: 25)

Uy — Us =
with, the permeability of the fiber network K as a function of the fiber volume density Vj, matrix
viscosity p, and the pressure gradient along the thickness direction %—IZJ. Kok only considers the tape half
that makes contact with the tool or substrate, as the roller acts as heatsink thereby quickly increasing
the local tape viscosity. Figure 2.6 illustrates such a control volume. Initially, a large part of the 1D
control volume is already impregnated, denoted by the distance Z;, and has an initial fiber volume
content Vyo. While Zp is the distance of dry fibers due to the rapid laser deconsolidation. Kok found a
dry fiber bed thickness of about 8 pym for most part of the tape and a maximum of 20 um for his rapid
laser deconsolidated tapes. When pressure is applied, the dry fiber bed first ‘instantaneously’ compacts
and then the matrix flows through the fiber bed described by Darcy’s law, wetting the dry fiber area.
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Figure 2.6: Illustration of 1D fiber impregnation model described by Darcy’s law. Figure from [7].

Intimate contact is reached for a control volume when there is no dry fiber bed over to be im-
pregnated, Zp = 0. Via cross-sectional microscopy, a tape cross-section is divided into 50 partitions
along the width, each partition is then modeled as a control volume by extracting the volume fractions
of the fibers and matrix along the thickness direction of the partition. The sum of control volumes
that reached full re-impregnation of the dry fiber bed after a set time over the total amount of control
volumes is developed intimate contact.

After subjecting Equation (2.5) to conservation of mass of the liquid and solid mediums and relating
the pressure gradient to the fiber compaction stress o., Kok ends up with the following formulation

vy 8<KV}&%&Q>O 26)

ot "9z \" oV, o=
The fiber volume fraction, V, input is obtained from the cross-sectional microscopy analysis of deconsol-
idated tapes which leaves the need for material models of the matrix viscosity u, fiber bed permeability
K, and fiber bed compaction stress o..

Darcy’s law describes the flow of a liquid with a certain viscosity through a permeable medium.
Hence, it is clear that matrix viscosity is required and the fiber-matrix viscosity is not relevant to the
1D flow which is not that straight forward for the squeeze flow models discussed in Subsection 2.3.3.
Kok used a temperature dependent Arrhenius law, which is regularly used in thermoplastic processing
[4, 14, 31, 35], to describe Polyether Ether Ketone (PEEK) viscosity as a Newtonian fluid.

Several approaches exist to describe the permeability of a unidirectional fiber bed as a function of
the fiber volume fraction. Kok seems to have used the modified Carman-Kozeny model from Gutowski
et al. [60]

K(Vy) = i@ (2.7)

the physical fiber radius 7 is straightforward, the available fiber volume fraction V, allows to tune the
fiber volume fraction value at which the fiber bed becomes impermeable and can either be based on
perfect geometrical packing density or by fitting the model with data [66-69], and the Carman-Kozeny
constant ko which is determined based on fitting. Unfortunately, Kok [7] did not provide the value used
for the Carman-Kozeny constant. Instead of semi-empirical Carman-Kozeny based formulations, Gebart
[68] presented a purely geometrical input dependent model based on the Navier-Stokes equations. With
these different formulations and variance in literature reported values, predicting permeability is not
straightforward and varies based on assumptions and estimations.

From semi-empirical models that conceptualize carbon fibers as bending beams between the contact
points with their neighboring fibers, Kok estimated the fiber bed compaction stress using Gutowski and
Dillons [70] formulation

1. /Y
oo (vy) = 221 (< = V1>> (238)




12 Chapter 2. Literature Review

which depends on the Youngs modulus E¢ of the fibers, a parameter S that represents a waviness
defined by the fiber contact points with its neighboring fibers along its length, and the fiber volume
fraction Vy which describes the state when no pressure would be applied and can be estimated via the
available fiber volume fraction V, — V4 = 0.38 which Kok did. Equation 2.8 is somewhat arbitrary [60]
and Gutowski also uses slightly different formulations of the fiber volume fractions to match their data
[67].

Potential improvements of the fiber re-impregnation as basis for intimate contact development consist
of expanding the model to take transverse flow into account, allowing filled control volumes to further
wet neighboring control volumes or applying a more general 2D formulation. Pressure distribution
might be affected by the local thickness and amount of developed intimate contact. Additionally, the
material models might be better characterized for the conditions of a rapid laser deconsolidated tape
such as optimizing the fit of the models for the fiber volume range that is present in the tape laying
process.

2.6 Conclusion

[.-AFP was first introduced and the desire for OOA production due to increased repeatability, decreased
production cost, and less energy consumption was made clear. Currently achievable CF/PEEK laminate
quality reports from literature showed that laminates can already exhibit performance properties close to
autoclave level. However, to reach industry desired lay-up rates, there are still significant improvements
to be made.

Bonding, or more specifically the prior development of intimate contact, was shown to be a prereq-
uisite for any interlayer load transfer. Increasing the developed intimate contact will increase 1L.SS and
other laminate performance properties. Currently, intimate contact development models are based on
the concept of squeeze flow of surface asperities and are the standard for simulations and input of other
mechanisms such as thermal contact resistance are dependent of the in-situ degree of intimate contact.
However, there is less unity regarding the fiber-matrix viscosity input for these models, values found
in literature range up to two orders of magnitude. Additionally, different opinions exist whether to use
fiber-matrix or only the matrix viscosity.

The definition of ‘Rapid Laser Deconsolidation’ was proposed: thermal deconsolidation due to rapid
laser heating. Literature evidence of the effects of rapid laser deconsolidation on roughness, fiber-
matrix composition, fiber network decompaction, and void content was presented. Taking the rapid
laser deconsolidation induced roughness increase into account increased current squeeze flow based
intimate contact development models.

Based on the fiber decompaction observations, more specifically the dry fiber bed resulting from
rapid laser deconsolidation, Kok [7] proposed an intimate contact model based on re-impregnating the
dry fiber bed. This fiber re-impregnation model was further discussed and the input material models
were briefly reviewed.



Chapter 3

Research Framework

The previous chapter showed several gaps in the current literature. A selection of these gaps are
summarized and presented in Section 3.1 to form the basis for this thesis. A framework is set-out in
Section 3.2 to conceptualize a plan to investigate the research gap. With the research gap and framework
in mind, the reader can put the posed research questions in Section 3.3 into context. Derived from these
research questions, the research will be subjected to the set of hypotheses formulated in Section 3.4.

3.1 Research Gap

Before Kok [7], rapid laser deconsolidation was not considered when characterizing the surface for
intimate contact development models. Instead, all widely accepted intimate contact development models
[3-5, 23] are purely set-up with the as-received state of a tape in mind. Several researchers further
explored some aspects of rapid laser deconsolidation [49, 61], others considered it in their observations
[63, 64, 71]. However, it is not yet widely recognized as the concept of thermal deconsolidation is
also fully ignored in the context of, for example, a very recent overview from 2020 about mechanical
performance of L-AFP produced laminates [72]. This shows there is a clear need for better understanding
and agreement of the effects of rapid laser deconsolidation on intimate contact development. Consensus
regarding the tape surface characterization in squeeze flow based intimate contact models and insight

of the physical mechanisms at play will benefit from further research into this topic.

3.2 Framework

The approach is to decouple the rapid laser deconsolidation and intimate contact development phases of
the L-AFP process as illustrated in Figure 3.1. The rapid laser deconsolidation experiments prepare and
analyze different degrees of deconsolidated CIF/PEEIK tapes. Subsequently, the tape will be subjected to
a compressive test which can be said to either mimic the intimate contact development phase underneath
a compaction roller or resemble the concept of the intimate contact models squeeze a tape onto a rigid
surface.

Both before and after the intimate contact development experiment, the surface profiles will be
measured to quantify roughness and waviness, and cross-sectional microscopy will be used to quantify
the void content and visualize the fiber and matrix arrangement. During the intimate contact test
in-situ gap length measurements provide valuable information regarding intimate contact development
and afterwards the degree of intimate contact will be assessed.

Comparison between the different degrees of deconsolidation will lead to conclusions regarding the
effects of the degree of deconsolidation on the characterized properties. The cross-sectional images
provide additional qualitative understanding of what physical mechanisms are dominant which might
help with evaluating intimate contact development theories based on squeeze flow of surface asperities
versus fiber re-impregnation based concepts.

13
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Figure 3.1: Schematic illustration of research framework, showing how L-AFP is separated into two
experiment phases, the subsequent characterizations, and the conclusions that can be extracted from
that data.

3.3 Research Questions

The following research objective is formulated to aid the derivation of the research question:

Research Objective

The research objective is to gain understanding about the effect of rapid laser deconsolidation on
intimate contact development by comparing different degrees of deconsolidation with their final
effective degree of intimate contact under varying temperature profiles and pressure levels.

During the Rapid Laser Deconsolidation experiments, the degree of deconsolidation will be varied.
The subsequent Intimate Contact Development experiments will employ different maximum intimate
contact development temperatures at various pressure levels. The effects of these various configurations
will be studied via the characterizations listed in Figure 3.1.

RQ 1 What are the effects of different (a) degrees of laser deconsolidation, (b) pressure levels, and (c)
temperature profiles on the (1) in-situ specimen thickness (at glass transition, melting point, and
end of experiment), (2) void content, (3) projected area, (4) roughness, (5) waviness, and (6)
developed degree of intimate contact?

RQ 2 Can any conclusions or observations be drawn from visual images, such as cross-sectional mi-
croscopy and surface pictures, of the specimens pre- and post-intimate contact experiment re-
garding acting physical mechanisms like squeeze flow of surface asperities or re-impregnation of
dry fiber beds?
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3.4 Hypotheses

The following set of hypotheses will be used to assess the results in order to answer parts of some of
the research questions.

HP 1 Higher (a) initial states of deconsolidation, lower (b) applied pressure levels, and lower (c) the
temperature profiles, cause (1) more void volume content, (2) increased in-situ thickness, (3) less
projected area, (4) increase in roughness, (5) increase in waviness, and a (6) decrease of DEIC.

HP 2 10 kPa pressure is a so called critical pressure at which neither consolidation nor deconsolidation
occurs during the intimate contact experiment, hence the roughness, void content, and thickness
will remain constant whereas at higher pressure levels a clear decrease in roughness, void content,
and thickness will be observed.

HP 3 Between the glass transition and melting region there is no development of intimate contact, only
when the melting region is reached a significant amount of intimate contact will develop.






Chapter 4

Experimental Set-up

This chapter deals with the materials and experimental set-ups that were deployed. First more infor-
mation on the material choice and characteristics is provided in Section 4.1. The experiments can be
divided into two phases. The laser set-up and the used settings are discussed in Section 4.2 which is the
first experimental phase. The second phase is the intimate contact development experiment of which
Section 4.3 covers all the details. Many characterization were performed on the specimens between and
after these experimental phases, Section 4.4 explains the need for them and how they were carried out.

4.1 Material

PEEK is a high performance thermoplastic material that is often found in aerospace applications due
to its structural performance and high glass transition and melting temperatures. Additionally, PEEIK
has been used in intimate contact development and rheological research concerning the [.-AFP process.
Therefore, there is a lot of reference material available in literature that the results can be compared
with.

A spool of quarter inch TenCate Cetex TC1200 PEEK AS-4 is used throughout the research of this
thesis. This material has a low initial void content (less than 1%), has been reduced to quarter inch via
secondary slitting by the manufacturer and exhibits a glass transition temperature of T, = 143°C and
a melting temperature of T, 343°C '.

An overview of a full cross-section is found in Figure 4.1. Many of the cross-sections show a small
fiber bundle detached from the rest of the tape at the edge. Specimens were rejected when this was
visually observed before the experiments, however there were numerous specimens where an edge fiber
bundle only physically detached during the final resin casting stage. It also seems like in some cases the
pre-intimate contact tape exhibits a detached fiber bundle, but the bundle is not detached anymore in
the post-intimate contact tape material. This poor edge quality is suspected to stem from secondary
slitting that is performed to obtain quarter inch tapes. A closer look at detached fiber bundles at the
edges is provided in Figures 4.2a and 4.2b. Better edge quality tape edges are shown in Figures 4.2¢
and 4.2d.

The fiber-volume fraction locally varies throughout the cross-section. For example, Figure 4.3 shows
a resin rich area in the middle of the cross-section. The fiber-matrix density distribution has not been
quantified and Figure 4.3 is a worst case example of a pristine tape. It is assumed that these local

1TenCate Product Data Sheet: CETEX-TC1200_DS_012417

1000 pm

Figure 4.1: Cross-section of pristine quarter inch TenCate Cetec TC1200 PEEK AS-4 tape.
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Figure 4.2: Close-up of cross-section edges of pristine tape material.

Figure 4.3: Close-up fiber distribution with encircled matrix rich area.

material variations will not significantly affect the experimental results since characterizations will be
applied to the whole width of multiple sections of a specimen and three repetitions of each configuration
has been carried out. However, it affects the temperature distribution since the matrix is transparent to
the laser beam. Additionally, Kok [7] and Choudhary [19] observed fiber rich surfaces due to the rapid
leaser heating which could be either positively or negatively impacted locally by these variations. The
change of fiber-matrix ratio near the surface affects intimate contact development described by squeeze
flow of surface asperities via the viscosity and geometry of the surface asperities and when looking at
the fiber re-impregnation description, the fiber volume fraction distribution affects the behavior.

4.2 Rapid Laser Deconsolidation Experiment

A VCSEL module is used to perform the rapid laser deconsolidation of a CF/PEEK tape. The set-
up is similar to the one employed in configuration 1 by Choudhary [19]. A VCSEL laser consists of
many emitters resulting in a uniform light distribution [73]. A PPM412-12-980-24-c VCSEL module
is being used throughout the experimental part of this thesis, see Figure 4.4. This module emits IR
light at a wavelength of 980 nm and 2.4 kWh maximum power [8]. The VCSEL emitters are placed in a
rectangular grid which can be controlled via 12 sections called zones that span the whole width of the
laser beam. The power of each zone can be individually controlled by the software that connects with
the laser driver. The module requires water cooling, nitrogen atmosphere to prevent condensation and
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Figure 4.4: Overview of VCSEL module from user manual [8].

is placed in an enclosure to prevent the IR light from damaging its surroundings.

Advantages of this the 980 nm wavelength for [-AFP are that the carbon fibers are highly absorbent
to the IR light while the PEEK matrix is transparent to the light [74]. This prevents or lowers the
chance of burning and oxidizing of the matrix material [16]. The amount of power and application
time can be accurately controlled. For the purpose of this research, the laser intensity distribution is
uniform, but for production processes this can be tuned to desire [75].

This section proceeds with a description of the actual set-up employed for the experiments of this
work and a detailed sequence of the procedure applied to the specimens.

4.2.1 Set-up

The VCSEL module is mounted at 5cm distance parallel to the specimen. Figure 4.5 shows how the
laser module and FLIR thermal camera are mounted inside the laser enclosure.

The specimen is mounted with Kapton tape on a black painted aluminum C-profile, a photo is shown
in Figure 4.6. This tool with specimen is then placed underneath the laser module, see Figure 4.7. A
total of around 8 cm length of the CF/PEEK tape is exposed and heated by the laser. Two alignment
marks are drawn onto the tool to aid in cutting the specimen out after the rapid laser deconsolidation
test. A carpenter’s square was used to overlay the lines from the tool onto the deconsolidated specimen,
then a pair of scissors was used to cut the specimen out of the rest of the deconsolidated material, this
resulted in a specimen length along the fiber direction of 6 to 8 mm long. Two clamps with a small
metal plate are used to easily align the tool with respect to the laser module. The Kapton tape is used
to make sure that the specimen is fixed and laying flat underneath the laser. Additionally, the two long
edges of the tool are covered with Kapton tape as well to align the specimen at the middle of the tool.
The tool is placed directly on top of the table inside the laser enclosure, physical guides are installed
to aid placing the tool at exactly the same location for every deconsolidation experiment.

A FLIR A655c thermal camera with FOL25 lens, also present in Figure 4.5, is mounted at a 55°
angle to measure the temperature distribution. The temperature calibration range of the camera is set
at 100 to 650°C. The image size was set to 640 by 120 pixels and a frame rate of 200 Hz. An emissivity
value of 0.8 with a thermal camera to object distance of 0.25m was used based on calibration with
thermocouples, see Appendix B for a detailed report on the method.

4.2.2 Settings

Three degrees of deconsolidated specimens will be subjected to the intimate contact tests. One of these
degrees of deconsolidation is the as-received state of the tape. The other two degrees of deconsolidation
will be referred to as highly laser deconsolidated and slightly laser deconsolidated. In some graphs
and table the as-received, slightly laser deconsolidated, and highly laser deconsolidated specimens will
also be referred to as: ASR, SLD, and HLD, respectively. The laser settings used for the high and
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Figure 4.5: VCSEL module mounted perpendicular to the table and FLIR thermal camera mounted at
55 °C inside the laser enclosure.

Alignment marks to cut specimen shape

Figure 4.6: Black painted aluminum c-profile to place, align, and laser deconsolidate the specimens.
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Tool with specimen Clamps to align tool

Figure 4.7: Place and alignment of tool underneath laser.

Table 4.1: Laser deconsolidation settings.

Zones Total Power Time Mean Temperature

W ms C
Highly Laser Deconsolidated 1-11 550 800 471
Slightly Laser Deconsolidated — 1-11 286 800 270

low degrees of deconsolidation are shown in Table 4.1. The reasoning behind choice for the settings is
explained in the next two paragraphs.

The main purpose of the settings for the highly laser deconsolidation settings was to increase the
roughness, void content, and fibers sticking out of the bed significantly. Heated length and heating time
were identified to significantly increase the surface roughness and void content [49]. More specifically,
the configuration with an 80 mm heated spot length (which is achieved using zones 1-11 when the laser
is mounted at 5 cm distance from the specimen), 800 ms heating time, 121 °C/s cooling rate and a total
power input of 660 W exhibited the highest roughness and void content [19]. Based on these results,
the heating time was also set at 800 ms with zones 1-11 to obtain a high heated spot length. The
power was tuned to 550 W to achieve a peak temperature, averaged over the whole specimen area, of at
least around 400 °C which is a common process temperature for CF/PEEK composite materials. The
resulting average over all specimens used was 471 °C.

A lower degree of deconsolidation, opting for a roughness in-between the pristine tape material
and the high degree of deconsolidation and a low amount of through-thickness voids, was chosen while
keeping the amount of zones and heating time constant. Based on several trial runs, the void content was
low when the maximum temperature was below the melting temperature. A power of 286 W was found
to result in temperatures between the glass transition and melting temperature and produce a laminate
that was in-between the state of an as-received and highly laser deconsolidated tape cross-section, void
content, and roughness.

More in-depth information about the peak temperatures and thermal profile, measured by the FLIR
thermal camera, is found in the next chapter in Section 5.1. A complete list per specimen of the measured
3-by-3 pixel maximum and specimen average peak temperatures during the rapid laser deconsolidation,
can be found in the tables of Appendix A.
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4.3 Intimate Contact Development Experiment

The choice for the apparatus to perform the intimate contact test was largely based on the requirement
to have an environment chamber that is able to achieve temperatures over 400 °C, with high heating
rates, and the desire for accurate force and gap measurements. The TA Instruments RSA-G2 Solids
Analyzer was chosen for its forced convection oven rated for temperature up to 600 °C, enabling high
heating and cooling rates of 60°/min. The machine is also capable of measuring small gap length
changes with a displacement resolution of 1nm?. A compression fixture was used with 15 mm diameter
steel platens rated up to 500°C. During the intimate contact development experiment, the carbon
fiber tape was sandwiched between two Kapton films to prevent the PEEK matrix from sticking to
or contaminating the platens of the machine. The Kapton films were 25 pm thick, rated to withstand
temperature up to 400 °C, and supplied by DuPont. In Figure 4.8 a specimen sandwiched between two
Kapton films is shown, laying on the steel platens with the environment chamber opened.

This section proceeds by first showing temperature measures at the specimen surface during versus
the oven gas temperature in Section 4.3.1. Then, Section 4.3.2 presents the applied pressure level and
temperature profile configurations. The method of obtaining the gap length curve from the raw gap
length measurement data is explained in Section 4.3.3. An analysis of the flatness of the compression
platens is provided in Section 4.3.4. Finally, Section 4.3.5 summarizes the data that was obtained during
the experiment and which of these will be used in the results chapters.

4.3.1 Temperature Difference Between Oven Gas and CF/PEEK Tape

Figure 4.9a shows the gas temperature of the forced convection oven, reported by the built-in data
acquisition of the machine. The gas temperature is able to follow the high 60°C/min heating and
cooling rates while only slightly overshooting at 400°C. Measurements with a thermocouple were
performed to compare the specimen temperature with the gas of the forced convection oven. A high
temperature resistant K-type thermocouple was inserted between the top side of the tape and Kapton
film and 20 to 50 measurements were captured per second. Clearly, the temperature on the surfaces lags
behind the gas temperature and the peak temperature measured by the thermocouple is reached when
the gas is already entering the cooling phase. The time above the melting temperature with the high
temperature setting is around 107.7s as depicted in Figure 4.9b. A closer inspection of the lag between
the gas and thermocouple temperatures is provided in Figure 4.9c. During the heating phase, the tape
temperature is around 55 °C colder than the gas temperature of the forced convection oven. For the
experiments, the temperature of the specimen is more important than the gas temperature. Hence, it
is the measurement from the thermocouple of the top surface of the specimen that is referred to when
discussing the temperature during the intimate contact experiment. Only the next section will discuss
the machine set maximum temperature levels of the oven gas and relate these to the corresponding
thermocouple measurements.

4.3.2 Settings

The settings can be categorized into three series of settings. A high temperature setting above the
melting point, a low temperature configuration between the glass transition and melting point, and a
range of temperature profiles near the melting point. Table 4.2 summarizes the settings of the high
and low temperature profiles, a full list of the applied settings per specimen is found Appendix A.
The temperature profiles consisted of heating and cooling rates of 60°C/min in order to reached the
maximum set temperatures as quickly as possible, staying close to the [.-AFP process, and minimizing
oxidation effects of the PEEK matrix.

The high temperature setting used a maximum target temperature of 400 °C with a dwell time of
20s resulting in a maximum temperature at the specimen of 363 °C measured by the thermocouple
which is higher than the melting temperature of 343°C. All three degrees of deconsolidated were
subjected to this temperature profile at pressure levels of 10, 50, 100, and 300 kPa. Pressures higher
than 300 kPa, sometimes caused problems when trying to find their set value and aborted the test due
to overshooting to the maximum force. Each configuration of temperature profile, pressure, and degree
of deconsolidation was repeated three times.

2From RSA-G2 Solids Analyzer specification sheet online: https://www.tainstruments.com/rsa-g2/
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Figure 4.8: Specimen with Kapton tape between platens of RSA-G2 compression fixture.

Table 4.2: Temperature profile settings of RSA-G2 machine for intimate contact experiments with

maximum temperature measured by thermocouples.

Start Heating Max oven Dwell Cooling Max Thermocouple

°C °C/min °C s °C/min °C

High 400 363
Low 25 60 245 20 60 200
Temperature 350 301
variation 365 311
25 60 385 0 60 331

400 343
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The low temperature configuration applied a maximum set temperature of 245 °C and a dwell time
of 20s to have a similar shape around the maximum temperature as the high temperature setting.
The maximum temperature measured by the thermocouple was 200 °C which is more than the glass
transition temperature of 143°C, but lower than the melting temperature of 343°C. This series also
tested all three degrees of deconsolidation, but only at 300 kPa pressure in order to see the effect of the
highest pressure setting below melting temperature. Omitting the lower pressures reduced the amount
of testing time. Still three repetition per specimen configuration was performed.

Finally, a temperature variation series was performed at set temperatures of 350, 365, 385, and
400°C. This time, 0s dwell time was used which resulted in a narrower peak near the maximum
temperature than the temperature profiles of the other settings. The resulting CF/PEEK tape tem-
peratures measured by the thermocouple are 301, 311, 331, and 343 °C, respectively. Only as-received
carbon fiber tapes were tested without repetition of the setting. The pressure was set to 300 kPa so
that the results could be compared with the main experiments at higher and lower temperatures. This
series served as investigation to see if the specimens were subject to gradual changes between the low
temperature setting and the melting point.

4.3.3 Correcting Gap Length Curves

Non-linear behavior was found around the start, end, and peak temperatures of the experiment. This is
caused by the thermal expansion of the fixture or other components in its connection to the displacement
sensor since it was observed during trial tests with only the platens, thus neither CF/PEEK tape nor
Kapton film was inserted. Unfortunately, the RSA-G2 operating software only allows to correct for a
linear coefficient of thermal expansion which might be acceptable for much lower heating and cooling
rates. This ruled out the possibility to perform gap controlled tests since due to the thermal expansion
of the fixture, the gap length is actually decreasing which also caused the clamping force to quickly
rise to the machine limit of 35N. Therefore, all tests were performed under force control. Figure
4.10a shows the measurement curve of the gap length with a CF/PEEK tape sandwiched between two
Kapton films inserted between the platens. The total amount of gap length change is over 0.5 mm which
is much more than the thickness of the sandwiched sample. In order to capture the behavior of the
150 um thick CF/PEEK tape, a reference curve was captured first, shown in Figure 4.10b, containing
only two Kapton films in-between the platens. Subsequent data processing was used to subtract the
gap length data of the reference curve, consisting of platens with Kapton film, from the measurements
of the specimen, the carbon fiber tape sandwiched between two Kapton films, resulting in the curve of
thickness of the specimen throughout the experiment, see Figure 4.10c. The resulting curves repeatedly
show the same characteristic behavior and points at a set time or temperature.

Most of the specimen configurations (that is the combination of: degree of deconsolidation, intimate
contact pressure level, and temperature profile) were repeated three times, including the corresponding
intimate contact test reference run with only two Kapton films. To further improve accuracy, the gap
length arrays of the three reference curves for each configuration were averaged by overlaying the time
axis. Now, all three raw carbon fiber tape specimens within one configuration used the same reference
curve. Based on these curves, the characteristic thickness values (shown in Figure 6.3) were extracted
that form the basis for the bar charts in Chapter 6. Besides, for the purpose of presenting the in-situ gap
length measurements, it was chosen to also average the CF/PEEK specimen gap length curves. This
prevented presenting an overflow of data since three gap length curves are now shown as one average
curve. The gap length curves now represent all the measurement data together, while the characteristic
points and behavior of the curves is preserved which shows that the overlay, in terms of the gap length
behavior induced by the temperature profile, between the repeated tests matches closely.

4.3.4 Platens

To assess the effect of the platens on the developed intimate contact and surface roughness of the
specimens, their surface roughness was characterized to compare it with the surface roughness of the
specimens after the intimate contact test. The height map, shown in Figure 4.11a, shows the flatness
of the platens. The root-mean-square roughness values, using a 0.8 mm cut-off length and 7 sampling
lengths, were between 0.32 < R, < 0.61 pm. There were also roughness features at a smaller scale as
can be seen in Figure 4.11b.
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Figure 4.11: RSA G2 compressions platens LSCM analysis using laser confocal settings with 20x lens.
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4.3.5 Measurement Data

During the experiments the gap length, force, and gas temperature of the forced convection oven were
measured at a rate of 25 Hz. The gap length data of the CF/PEEK tape and reference tests, were used
to obtain the in-situ thickness curve of the CF/PEEK as was explained in Section 4.3.3 and form the
basis of the behavior during the intimate contact test. The force data was analyzed for discrepancies,
but is not presented in the results chapter since the force fluctuations were considered to be negligible
and the resulting force corresponded with the set value which corresponds to the chosen pressure level.
The exact force and resulting pressure values for each specimen can be found in Appendix A. The
gas temperature measurements are also omitted from the presented results since the thermocouple
measurement are more appropriate to describe the thermal profile experienced by the specimens. After
the intimate contact test, the specimen was subjected to various characterizations, discussed in the next
section, of which the developed degree of effective intimate contact, in Section 4.4.3, is essential for the
purpose of this research as a pre-requisite of bonding in [.-AFP.

4.4 Material Characterization

On top of the data obtained during the intimate contact development experiments, several tests were
conducted to characterize the tapes both prior to and after the consolidation during intimate contact
development experiment. These characterizations allowed to study the main phenomena induced by
consolidation of different degrees of laser deconsolidated tapes.

Surface characterization, which will be discussed in Sections 4.4.1 and 4.4.2, was performed with
LSCM both before and after the intimate contact phase. The area of the whole specimen was also cap-
tured before and after the intimate contact experiment, see Section 4.4.2. After the intimate contact test,
the DEIC was characterized which involved optical microscopy and a post-processing procedure pre-
sented in Section 4.4.3. After all the non-destructive characterizations were performed, cross-sectional
analysis was used for more information of the fiber-matrix deformations that took place. The set-up
to make resin-casted specimens and the microscopy thereof is described in Section 4.4.4. The cross-
sectional micrographs were used to quantify the void content which is explained in Section 4.4.5.

4.4.1 Roughness and Waviness

Rapid laser deconsolidation increases the CF/PEEK tapes surface roughness whereas intimate contact
development is associated with a decrease in surface roughness. Root-mean-square surface roughness
can be used to quantify the surface quality of the tape and assess its development, how much it is affected
by rapid laser deconsolidation, and whether the surface can be changed back to its pristine condition
with the intimate contact development experiment. Besides the surface roughness, the waviness profile
is obtained as difference between the primary and roughness profiles. The waviness profile provides more
information about the geometrical out-of-plane shape of the global specimen. A Keyence VEK-X1000
LSCM was used to characterize the surface of the specimens before and after the intimate contact test.
The LSCM employs a 404 nm laser and was used with a 20x lens and the ‘laser confocal’ settings.

Profiles spanning the whole width of the specimen were captured at three sections. The sections
were chosen at the top, middle and bottom with respect to the fiber direction of the specimen on both
top and bottom side surfaces of the specimen. This allows to obtain an average value for the surface
roughness at both the laser heated (top) and tool (bottom) sides. Also, with three sections per side
provide an indication of the variance over the specimen. For the roughness values, most results address
the laser exposed (top) side measurements only, unless specifically stated otherwise. The waviness
results, on the other hand, are averaged over both laser exposed (top) and tool (bottom) sides of the
specimens since the waviness represents much more the whole cross-section behavior than the roughness
metric does.

ISO-4287 guidelines state to use a roughness sampling length of 0.8 mm for roughness values of
0.1 < R, << 2 pm. Post-intimate contact specimens that were subjected to higher pressure and
temperature range are within this roughness region, however the pristine tape material is slightly higher
in roughness, 2.5-3.5 pm, and highly deconsolidated material exhibits R, roughness values of 8-11 pm.
A problematic result of using higher sampling lengths is that with a 2.5 mm sampling length only 2
sampling lengths will fit in the width of the 6.35 mm cross-section whereas ISO-4287 recommends an
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Figure 4.12: Area map of highly laser deconsolidated specimen before and after intimate contact ex-
periment.

evaluation length containing at least 5 sampling lengths. Hence, a sampling length of 0.8 mm was chosen
with 7 evaluation lengths captured along the width of the tape.

Each section was first corrected for tilt using the automatic mode in the Keyence Multi-File Analyzer
software suite. Then a multi-line grid was projected along the width to extract 11 profiles with the
aforementioned 0.8 mm sampling length and a total evaluation length spanning 7 times the sampling
length. Then the average, minimum, and maximum R, and R, roughness values of the 11 profiles were
exported for each section to be further averaged with the other sections of that specimen. In the end,
R, was only used for reference with the ISO—4287 standard and the root-mean-square roughness and
waviness, R, and W, parameters are presented in the results. Additionally, the waviness parameters
with a highbandwidth filter of 2.5 mm were also extracted. The highbandwidth parameter allows to
eliminate some of the global tape shape from the primary profile. Section 5.2 provides more information
about the effects with examples of applying this filter.

4.4.2 Specimen Area

The area was measured to calculate the required force value to reach the desired pressure level for
the intimate contact development experiment. Additionally, an area ratio of the specimen after and
before the intimate contact experiment was used to investigate squeeze flow of the whole specimen
area. A Keyence VR-5000 was used to map the sample with a low magnification factor of 12x in
conjunction with the automatic high resolution capturing settings. Mapping the whole specimen with
this microscope provided a good overview of the whole specimen and its out-of-plane shape, Figure 4.12
shows a specimen before and after the intimate contact experiment.

To calculate the area of the specimen, the projected area was used which is the 2D area from a
perspective perpendicular to the specimen. The area is automatically extracted with the software that
comes with the microscope. The measurement was first leveled with respect to the table that the
specimen was placed on, then only the area was considered that is more than 25 pm high and contains
more than 10,000 enclosed pixels (to eliminate noise and other particle peaks). This procedure was
applied to both the laser exposed (top) and tool (bottom) surfaces of each specimen. Unless otherwise
specified, the average (projected) area of the specimen is reported. Due to a small change in the
threshold of considering only area higher than 25pm, some of the pressures applied to the specimens,
see the tables in Appendix A, are not exactly at the chosen 10, 50, 100, or 300 kPa. These deviations are,
however, small with respect to the difference between these aforementioned pressure level configurations.
Hence, these differences between set pressure levels and actual pressure value due to the area calculation
are ignored.
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Table 4.3: DEIC values of two pristine tape samples.

Sample Name DEIC Unit
Top Bottom

Pristine Sample 1 | 6.5 5.3 %
Pristine Sample 2 | 5.4 6.9 %
Averaged 6.0 %

4.4.3 Degree of Effective Intimate Contact

This is one of the key characterizations of the report as the difference of developed intimate contact
between the as-received tapes and rapid laser deconsolidated tapes can increase the knowledge about
the applicability of current intimate contact simulation models. A Keyence VHX-2000 microscope with
VH-Z100UR lens at 200x magnification was used to capture and stitch an image of the whole surface
of the post intimate contact specimens. Both top and bottom surfaces of each specimen were captured.

Based on Celik et al. [39], the concept of Degree of Effective Intimate Contact (DEIC) is used to
quantify the developed intimate contact of the specimens. When the surface is resin rich and flat it will
reflect light of the microscope and result in very bright areas which is considered as ‘Effective Intimate
Contact’. The top of the fibers come up very bright, since the top of a circle is perfectly perpendicular at
its highest point from a top view, but shall be excluded in the definition of ‘Effective Intimate Contact’
since the absence of resin impedes subsequent bonding via autohesion [39].

A rectangular area, within the edges of the tape, was manually cropped from the image captured
by the microscope. This cropped image, therefore, only contains the specimen itself, no surrounding
elements or area. A close-up of such an image is provided in Figure 4.13a. A MatLab script was
written that imports the cropped image, converts the image to grayscale, then uses the Otsu method
to automatically select a threshold value. Figure 4.13c shows the grayscale histogram with the Otsu
threshold. All values brighter than the threshold are regarded as Effective Intimate Contact. Visual
inspection was performed, by highlighting Effective Intimate Contact area in blue, like in Figure 4.13b,
for each specimen to assess if the Otsu threshold was appropriate and the threshold would be manually
tuned based on qualitative judgment if deemed necessary. The top surface of the fibers showed up very
bright and these areas are, to a large extend, excluded by removing all enclosed areas that are smaller
than 500m?. Figure 4.13b shows these removed areas in red. The DEIC' can now be calculated via
the ratio of blue highlighted area over the total surface area of the image.

The DEIC of the as-received state of the tape was characterized as reference for the DEIC values
after the intimate contact test. Both top (side that corresponds with laser exposed side during rapid
laser deconsolidation) and bottom (corresponds with tool side during rapid laser deconsolidation) sides
of two pristine tape samples are presented in Table 4.3.

4.4.4 Cross-sectional Microscopy

Resin-casting was used to analyze the cross-section of the tape for void content. Also, the cross-sectional
images were used for qualitative assessment of the state of the tape. After the tape is embedded in
the resin, it cannot be analyzed for other purposes anymore, hence it was applied as the very last step
during the characterization of post-intimate contact test specimens. Figure 4.14 shows a CI'/PEEK
tape after rapid laser deconsolidation and indicated the cross-sectional cut post-intimate contact test.
Besides these post-intimate contact test specimens, the tape material near where the specimen has
been cut from the rest of the tape is used to resemble the state of the specimen prior to the intimate
contact test and represent the (cooled down) nip-point state of the material. These pre-intimate contact
experiment cross-sections, also shown in Figure 4.14, were tried to obtain as close as possible to the
specimen material. Hence, for each specimen, two cross-sectional images of pre-intimate contact (but
after rapid laser deconsolidation) material near the specimen area were obtained and one cross-sectional
image post-intimate contact test at the middle of the specimen.

The tape material was mounted per 5 in a plastic Struers clip, see Figure 4.15. Some additional
weights were added to prevent the specimens from floating around while filling the holder with resin.
The grinding and polishing routine was tuned to remove 3 mm of material which is the same length as
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Figure 4.13: DEIC quantification illustrations.
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Figure 4.14: CF/PEEK tape still mounted on the tool after rapid laser deconsolidation: annotated
specimen length, lines at which cross-sections will be obtained, and arrow direction of cross-section
points to the material that will be ground and polished away in the final cross-sectional micrographs.
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(a) Grinding and polishing occurs at bottom side in (b) Tape material aligned with respect to the legs of

picture, the angled cut tape ends are for convenience clip to reduce the amount of material ground away,
to indicate the tape end that is of no interest. also with weights to prevent the object to float in the
resin.

Figure 4.15: Pre-intimate contact experiment CF/PEEK tape material mounted in Struers clips before
resin casting.

the legs from the plastic clips, visible on the bottom side of Figure 4.15a and facing towards the camera
in Figure 4.15b. This knowledge was used for positioning the tape material with respect to the legs
of the clip. For the pre-intimate contact material around 1 mm of CF/PEEK tape length was in the
length of these legs to ensure the cross-section was reached in the grinding steps while still minimizing
the amount of length of the tape that would be ground away. The post-intimate contact specimens
themselves were placed with around 1 mm accuracy with the middle of the tape at the end of the legs
of the clip.

The resin casting was performed with Struers Epofix kit and was cured in a Struers CitoVac at a low
atmospheric pressure of 0.50 bar to reduce voids. Grinding was performed in a Struers Tegramin-20. A
customized was used that is listed in Table 4.4, different from the standard routine is that it skips the
diamond polishing steps and goes straight from the finest grinding step to the chemical step. After the
chemical step, the same cloth disk was used with water only as a cleaning step to remove the chemical
OPS non-dry solution. Finally, the sample was cleaned in a sink with some cotton and consumer dish
soap, then dried with pressurized air, flushed with ethanol and dried again with pressurized air.

Table 4.4: Grinding / polishing routine on Struers Tegramin-20.

Plate Solution Time [min:sec]
SiC Foil #180  Water 00:10
SiC Foil #320  Water 00:25
SiC Foil #1000 Water 00:30
SiC Foil #2000 Water 00:40
SiC Foil #4000 Water 00:40
Chem OP-S NonDry 03:00
Chem Water 01:00

The cross-sectional images were shot and stitched with the Keyence VK-X1000 LSCM using the 20x
lens with ‘Focus Variation’ method. Figures 4.3 — 4.4 and 4.16a were all obtained via this method. The
microscope automatically saves the image with best focused focal depth and stitches it together. The
height data can be used to distinguish voids from contamination laying on top of the cross-section.
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1000 pm

(c) Processed imaged from MatLab routine, black area is not considered, blue area is carbon fiber and PEEK
matrix, and the red area is the void content area.

Figure 4.16: Processing cross-sectional microscopy images to extract void content. The used cross-
sectional is a highly laser deconsolidated specimen pre-intimate contact development experiment.

4.4.5 Void Content

Void content formation has a significant role in thermal deconsolidation, as was explained in Section 2.4.
Therefore, the void content is quantified before and after the intimate contact development experiment.
This allow to first get a grasp on how the rapid laser deconsolidation phase affects the pristine tape
material. The second key interest is too see how much the voids will be reduced by the subsequent
intimate contact development experiment. The void content characterization is performed by processing
the cross-sectional microscopy images.

The first processing steps consists of manually removing the area surrounding the cross-section, so
that Figure 4.16a becomes Figure 4.16b, which was done using the publicly available ImageJ software
tool, version ImageJ 1.53e. Using the ‘wand (tracing) tool’ with either the ‘legacy’ or ‘4-connected’
mode, a white-ish pixel in a carbon fiber was picked and then the threshold was increased until 1 or 2
values before the selection area encompassed outside of the CF/PEEK tape area. This method proved
to effectively select nearly all of the tape area while not including the darker shade around the edge
that stems from the different material effects during the grinding/polishing steps effect. The area was
then inverted so that it selected the whole figure except for the tape cross-section, this selection was
then removed resulting in writing zeros, black pixels, to this selected area.

The approach of post- and pre-intimate contact specimens was different. For the post-intimate
contact specimens, ImageJ was again used to select the voids via its threshold function where the
threshold value was manually tweaked so that the selected area corresponded to the visually observed
voids. The selected area was than summed while subjecting to a minimum area of 20 pixel? and a
circularity of >0.1 to ignore the area of some shadows around fiber edges. For the pre-intimate contact
specimens another method was employed. Firstly, the pre-intimate contact as-received void content was
set at 0.7 % based on the work of Choudhary [49]. The pre-intimate contact rapid laser deconsolidated
tapes exhibit a rough surface and cavities at the surface, using manual assessment and the ‘wand’
tool, the void areas were selected and set as black pixels. Then a MatLab routine further processed
these images with a second step dividing the void content from the fibers and matrix, highlighted in
Figure 4.16c. A further breakdown of the steps of a zoomed-in section is provided in Figure 4.17. The
code works by employing an edge algorithm to extract area where fibers are present, transforming the
grayscale image, Figure 4.17a, to Figure 4.17b. This image is then dilated, in Figure 4.17¢, and the
holes are filled, resulting in an area that is slightly larger than the cross-section, shown in Figure 4.17d.
After a final erode step, shown in Figure 4.17e which looks nearly identical to the previous step since
there is only 4 pixels difference, the obtained area is the size of the cross-section.
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(a) Grayscale with removed (black) background (b) MatLab edge detection function
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Figure 4.17: Zoom-in at cross-section of MatLab routine process steps from imported grayscale image
to image highlighting fiber+matrix area, void content, and surrounding area.



Chapter 5

Rapid Laser Deconsolidation

This chapter looks at the state of the specimens after the rapid laser deconsolidation experiments. Both
quantitative results and qualitative images of the tapes will be presented. Firstly, Section 5.1, shows the
temperature measurements during laser heating and the cooling down phase. The subsequent sections
analyze the cooled-down state of the specimens. In Section 5.2, the roughness results between the as-
received and deconsolidated state are discussed. Section 5.3 analyses the tape material in the vicinity
of the specimen to present the void content and a further qualitative perspective on the cross-sections.

5.1 Thermal Camera Data

Table 5.1 shows the peak temperatures that were reached with the laser settings from Table 4.1. The
peak temperature is the highest temperature during the laser heating time. Two temperatures are
reported which are annotated in Figure 5.1: a 3-by-3 pixel average at the location of the maximum
temperature picked at the time of the peak temperature (hence representing the maximum temperature
of the specimen) and the average of the whole specimen area. These two temperature definitions give
an idea of the thermal history of the samples in Figure 5.2.

The slightly deconsolidated samples achieved local maximum temperatures close to the melting
point (343 °C) of the PEEK matrix. The average temperature, 270 °C, of the tape was more in-between
the glass- and melt transition temperatures. The specimens clearly reached temperature well above the
glass transition (143 °C) point with the the lowest average temperature of 232°C. The lowest average
temperature experienced by a highly laser deconsolidated tape was 395°C. This assures that the
temperatures experienced by the highly laser deconsolidated tapes is at least in the normal processing
range, but often reached higher temperatures with an average mean temperature of 471 °C. Therefore,
this degree of deconsolidation represents a very severe state of deconsolidation. With these differences
of reported temperatures between the two degrees of deconsolidation, it is clear that the highly laser
deconsolidated tapes represent a significantly different thermal history than the slightly deconsolidated
samples.

Table 5.1: Peak temperatures recorded by the FLIR A655¢ thermal camera, a 3-by-3 pixel averaged
maximum, and an average of the whole specimen are reported, the columns provide information about
the mean, extreme, and standard deviation values of the specimens.

Mean Max Min Std

Slightly Laser Deconsolidated (286 W) Max 3x3 px | 309 341 268 21 °C
Average 270 296 232 20 °C
Highly Laser Deconsolidated (550 W)  Max 3x3 px | 527 566 448 34 °C
Average 471 511 395 33 °C

35
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Marks where tape will be cut to specimen size
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Figure 5.1: Highly laser deconsolidated tape, showing the moment at peak temperature. Three thermal
line profiles (vertical) are measured of which the outer lines correspond with where the specimen was
later cut from the rest of the tape, the red box is used to obtain the average specimen temperatures,
and the 3x3 pixel marker was used to extract the maximum temperature inside the specimen area.

Figure 5.2 provides a closer look at the thermal history. The peak temperature corresponds with
the temperatures reported in Table 5.1 and is reached at the end of the laser pulse of 800ms. The
average temperature of the whole specimen and the 3-by-3 pixel grid difference is quite consistent. At
around 300 °C, the 3-by-3 average curve of the highly laser deconsolidated specimens increases in slope.
This might be linked to changes of the locations of the local temperature distributions. Choudhary
[49] showed a relation between out-of-plane deformation and local temperature of a deconsolidating
CF/PEEK tape. When a local area develops out-of-plane waviness, it comes closer to the laser and is
not touching the tool which acts as heatsink, these mechanisms then promote an increase in temperature
even further. This also explains the local heating variations in Figure 5.1. These local temperature
variations changed from measurement to measurement, three temperature profiles along the width of
the tape, indicated in Figure 5.1, are shown for a specimen with a very uniform temperature distribution
in Figure 5.3a, but many specimens had larger temperatures differences along the width as shown in
Figure 5.3b which has a 50 °C difference.

5.2 Surface Characterization

After rapid laser deconsolidation, the surface roughness significantly increased, shown in Figure 5.4
which contains the roughness ranges of each degrees of deconsolidation. The as-received (ASR) speci-
mens, representing the pristine tape, were not exposed to the laser and the top and bottom sides have
nearly the same average root-mean-square roughness. Looking at the rapid laser deconsolidated speci-
mens, the laser exposed (top) surface is rougher than the tool (bottom) surface. Due to this observation,
the laser exposed and bottom sides will be investigated separately when characterizing the state after
the intimate contact development experiment. The roughest as-received and smoothest slightly decon-
solidated samples have a small overlap in roughness. There is no overlap of the roughness of highly
deconsolidated samples and the other degrees of deconsolidation.

Regarding the waviness, the rapid laser deconsolidated specimens exhibit a significantly higher
waviness than the as-received state of the tape material in Figure 5.5a. However, the slightly laser de-
consolidated specimens have significantly more waviness than the highly laser deconsolidated specimens
which is counter intuitive. This is caused by warpage of the tape: the slightly laser deconsolidated tapes
often have one or two points where the cross-section bends causing a higher out-of-plane deformation
than the highly laser deconsolidated tapes which exhibit more bending points, resulting in less total
out-of-plane deformation. The slightly laser deconsolidated tape in Figure 5.6a has a bending point at
around 2400 pm along the width while the sections to its right and left are fairly straight. It is hypoth-
esized that the thermal stress or change in the residual stresses causes the only very few bending points
along the cross-section while the rest of the cross-section stays relatively stiff. The highly laser decon-
solidated tape, shown in Figure 5.6b, contains many more of these bending points due to the higher
temperature it was exposed to, but due to the temperatures above the melting point does not have the
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Figure 5.2: Temporal plot of specimens during rapid laser deconsolidation, the maximum and specimen
average temperature curves are shown for both slightly laser deconsolidated (SLD) and highly laser
deconsolidated (HLD) specimens.
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Figure 5.3: Temperature profile at peak temperature time for two slightly laser deconsolidated tapes.
Line colors correspond to the indicators in Figure 5.1.



38 Chapter 5. Rapid Laser Deconsolidation

121

I | aser Exposed (Top) Side
I Tool (Bottom) Side
T Max/Min Side

10

RMS Roughness Rq [um]
(o]

K > L

D >

Figure 5.4: Root-mean-square roughness of each degree of deconsolidation.

structural support to develop any out-of-plane deformation. In order to remove the global shape of the
profile that affects the waviness value, a high bandwidth filter of 2.5 mm was applied. The resulting
waviness curves of the same primary profiles of Figure 5.6 are shown in Figure 5.7. Now the waviness
of the highly laser deconsolidated specimen is clearly larger than the slightly laser deconsolidated which
is also the case when looking at the average values in Figure 5.5b where the 2.5 mm high bandwidth
filter has been applied. These results also agree better with the visual difference in waviness between
the two cross-sections shown in Figure 5.6.

5.3 Void Content and Cross-sections

The void content of the as-received and rapid laser deconsolidated samples is shown in Figure 5.8. The
slightly laser deconsolidated specimens is with a void content of 2.8 a significantly higher than the
as-received tapes even though the specimens did not experience temperatures above the melting point.
The void content of the highly laser deconsolidated specimens is 4.6. Mostly the amount of voids and
locations with voids increases from the slightly to the highly laser deconsolidated tapes which is also
clearly the case in the cross-sections in Figure 5.6.

Figure 5.9 shows a representative cross-section for each degree of deconsolidation. The laser decon-
solidation induces waviness and warpage in the tape. The slightly deconsolidated specimens contain
a few big voids around the middle of the tape whereas the highly deconsolidated tapes contain many
voids. The overall cross-section quality clearly decreases when increasing the amount of deconsolida-
tion which manifests in an increase of void content, increase of local thickness, and higher roughness.
Interestingly, there are some local sections of the cross-section that do not seem to be affected much or
at all by the laser. This might be because these local area are touching the tool which acts as heatsink
or due to weak spots in the laser distribution which can be seen in Figures 5.1 and 5.3.
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Figure 5.5: Root-mean-square waviness of each degree of deconsolidation.
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(b) Highly laser deconsolidated profile, root-mean-square waviness of 52 pm.

Figure 5.6: Example of slightly and highly laser deconsolidated tapes to depict the reason for the
difference in waviness values.
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(b) Highly laser deconsolidated profile, root-mean-square waviness of 14 pm.

Figure 5.7: Slightly and highly laser deconsolidated tape waviness profiles with 2.5 mm high bandwidth
filter.
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Figure 5.8: Void content of all specimens grouped per degree of deconsolidation pre-intimate contact
experiment.
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Figure 5.9: Example of cross-section of each degree of deconsolidation.
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5.4 Conclusion

Three degrees of deconsolidation were prepared: the as-received samples which have not been exposed to
the laser, a slightly deconsolidated setting which reached temperatures between glass and melt transition
points of the PEEK matrix, and a set of highly deconsolidated samples that reached temperatures above
PEEK melt.

The root-mean-square roughness of the specimens showed significantly increased with each increasing
step of the state of deconsolidation. There is a small overlay in roughness values of the as-received and
slightly deconsolidated specimens, but the highly deconsolidated samples do not have any roughness
overlap. For the laser deconsolidated samples, the laser exposed side is rougher than the bottom side.

Through cross-sectional microscopy, the effect of rapid laser deconsolidation onto the tape mi-
crostructure was shown. Void content significantly increased with laser deconsolidation. Also the
geometrical shape changes: the laser deconsolidated samples have bending points at many locations
along the cross-section which was also quantified by waviness which is a factor 10 higher for the highly
laser deconsolidated specimen than the as-received specimens.

The next chapter will shed more light on whether and how these differences affect intimate contact
development.



Chapter 6

Intimate Contact Development

This chapter shows and discusses the effects of degree of deconsolidation, pressure, and temperature on
the in-situ gap length measurements, final thickness, void content, projected surface area, roughness,
waviness, and DEIC. Section 6.1 presents the results from varying the pressure above the melting
temperature also referred to as ‘high’ temperature setting. Results of the ‘low’ temperature setting
are found in Section 6.2 which zooms-in to the mechanisms that take place around the glass transition
region. Finally, a set of experiments was carried out to see the evolution of as-received tapes between
the glass transition and melt regions in Section 6.3.

6.1 Pressure Variation Above Melting Temperature

All data presented in this section was obtained with the intimate contact experiment settings corre-
sponding to the ‘high’ temperature configuration in Table 4.2.

6.1.1 In-situ Gap Length

Gap length data was measured during the intimate contact experiment by the RSA-G2 machine. The
gap length data processing procedure as explained in Chapter 4 and Figure 4.10 was used. For the
purpose of comparing different degrees of deconsolidation and pressures with each other, the gap length
measurements have been averaged into a single curve for each set of three repetitions of each configu-
ration (degree of deconsolidation, maximum temperature setting, and pressure level). These averaged
curves still exhibit the same characteristic features as the individual measurements. Together with the
gap length, the temperature measured by a thermocouple is shown so that characteristic behavior can
be traced to the temperature of the tape.

Effect of Pressure

Three charts, one for each degree of deconsolidation (as-received, slightly laser deconsolidated, and
highly laser deconsolidated), are shown in Figure 6.1. Each chart shows the average gap length curves
for all the pressure levels that were tested at the ‘high’ temperature profile setting.

As-received For the 10, 50, and 100 kPa pressure settings, a clear trend is observed in Figure 6.1a:
increasing the pressure decreases the gap length over the whole experiment. The 300 kPa curve, however,
is increasing in gap length while warming up towards the glass transition temperature. This results in
a higher thickness with respect to the 50 and 100 kPa pressure curves until the temperature during the
cooling phase is back to the glass transition temperature. At 10 kPa, the initial gap length is much
higher than at the other pressure levels. The gap length drastically reduces, from 190 pum to almost
150 pm, during the heating phase as the temperature approaches glass transition. The 50 and 100 kPa
curves are decreasing less drastically during the heating phase below the glass transition temperature,
the reduction in gap length is around 7pm which is equal to the diameter of a carbon fiber.

43
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Figure 6.1: Gap length measurements showing all pressure levels, grouped per degree of deconsolidation,

(e) Highly laser deconsolidated.

subjected to a maximum temperature of 363 °C.

(f) Highly laser deconsolidated zoom-in.
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Right after the glass transition temperature, the decrease in gap length of the 10, 50 and 100 kPa
configurations stopped and a ‘bump’ can be identified. Figure 6.1b provides a close-up and marks the
start and end points of the bump. It starts around 175 s and first increases and then decreases in gap
length which is done at around 220 s. After this bump, at 220 s, the gap length of all the pressure level
configurations is increasing up to a local peak in gap length that corresponds with the thermocouple
reading crossing the melting temperature at which a drastic collapse in gap length starts. During
the cooling phase, between the melting and glass transition temperatures, another small thickness
compaction bump is visible near 550s.

Slightly Laser Deconsolidated The slightly laser deconsolidated specimens all start with an initial
thickness that is larger than the nominal 150 pm of a pristine tape, see Figure 6.1c. During the initial
heating below (the glass transition temperature), the gap length slowly decreases for all pressure levels.
When the glass transition temperature is reached, the gap length reduces more quickly until around
the 220s. Between glass transition and melt regions there is a plateau from around 220 to 350 s where
the gap length remains fairly constant, Figure 6.1d zooms-in at this plateau. Then, instead of the rapid
collapse in gap length that was observed for the as-received specimens (Figure 6.1bh), the slightly laser
deconsolidated specimens start to decrease earlier on and initially more gradually in gap length. Similar
to the as-received samples, a small reduction bump is present during the cooling phase near 550 s while
the temperature is between the melting and glass transition region.

Highly Laser Deconsolidated The highly laser deconsolidated samples, see Figure 6.1e, exhibit
similar trends as the slightly laser deconsolidated samples. The higher degree of deconsolidation spec-
imens have a higher initial thickness at room temperature than a pristine tape. Initially, the 50 kPa
curve overlaps with the 100 kPa curve until the glass transition temperature is reached. Between the
glass transition and melting temperatures the 50 kPa curve overlaps with the 10 kPa measurement.
Besides these overlaps, higher pressure levels clearly result in lower gap length curves. The gap length
after the glass transition region up to the melting temperature, between 220 and 350 s, shown as the
plateau in the encircled area in Figure 6.1f, increases only a few microns with a maximum increase of
5pm for the 10 kPa pressure configuration. The gap length reduction bump during cooling near 550 s
which has been observed for the as-received and slightly laser deconsolidated samples is also present in
Figure 6.1f.

Effect of Degree of Deconsolidation

The curves from the previous section are regrouped and this section compares the three degrees of
deconsolidation for each pressure level. Figure 6.2 contains the graphs for all pressure levels. The
following paragraphs describe the observations per pressure level.

10 kPa Figure 6.2a shows all samples have a significantly higher initial thickness at room temperature
than the nominal 150 pm thickness of a pristine tape. The initial thicknesses are clearly different for
all configurations, increasing with the degree of deconsolidation, ranging from 190 pm for as-received to
320 pm for highly laser deconsolidated. The gap length of the as-received and slightly laser deconsoli-
dated samples start to decrease earlier than the highly laser deconsolidated specimens while approaching
the glass transition region. During the heating phase between the glass transition and melting tem-
perature, the two laser deconsolidated gap length curves overlap with each other. Subsequently, the
slightly laser deconsolidated curves overlaps with the as-received gap length all the way until the end of
the experiment. When cooled down below the glass transition temperature, the as-received and slightly
laser deconsolidated specimens have decreased in gap length to the nominal thickness of a pristine tape.
The highly laser deconsolidated specimens’ gap length at the end of the test is 160 pm.

50 kPa Increasing the pressure to 50 kPa, see Figure 6.2b, reduces the initial gap length at room
temperature to 150 pm for the as-received specimens. The laser deconsolidated samples also reduced in
initial gap length to around 200 pm for the slightly laser deconsolidated and 300 pm for the highly laser
deconsolidated specimens. The gap length reduction during heating is the lowest for the as-received
tape which decreased with 10 um, the slightly laser deconsolidated tape reduces more thickness during
the glass transition temperature, and the highly laser deconsolidated tape reduced almost 100 pm in
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Figure 6.2: Gap length measurements of different rapid laser deconsolidated states, grouped per pressure

(c) 100 kPa pressure.

level, subjected to a maximum temperature of 363 “C.

(d) 300kPa pressure.
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gap length. When crossing the melting temperature during the cooling phase, the slightly laser decon-
solidated specimens decrease in gap length to just below the 150 pm. The highly laser deconsolidated
specimens are reaching values below 150 um after the reduction bump near 550 s. Similar to the 10
kPa case, the final gap length values are the same for the as-received and slightly laser deconsolidated
samples. Additionally, all samples are below 150 pm gap length.

100 kPa The initial gap length values at 100 kPa and its behavior, see Figure 6.2¢, are very similar
to the 50 kPa case. Only the initial thickness of the slightly laser deconsolidated specimens decreased
from 200 to 180 pm while the as-received and highly laser deconsolidated tapes remained their initial
gap length. From the melting temperature onwards, the laser deconsolidated curves overlap. The
laser deconsolidated gap length curves compact to sub 150 pm gap length values while the temperature
is above the melting point. The final gap length measurements are all below 150 pm nominal tape
thickness. The laser deconsolidated specimens are almost equal and slightly higher than the gap length
of the as-received tapes.

300 kPa The gap length curves at 300 kPa pressure are displayed in Figure 6.2d. The initial gap
length of the highly deconsolidated specimens is lower at 300 kPa than at 50 and 100 kPa, the other
degrees of deconsolidation start at similar gap lengths as the 100 kPa configuration. During the heating
phase, the slightly and highly laser deconsolidated specimens overlap from slightly above the glass
transition temperature until the melting temperature. After the peak temperature, during cooling all
the way until the end of the experiment, the slightly laser deconsolidated specimens have the lowest gap
length. The highly deconsolidated gap length curve overlaps with the as-received measurements from
the bump near 550 s to the end of the experiment.

Characteristic Points

During the observation of the gap length curves, a number of characteristic points were discussed. Figure
6.3 shows four characteristic points that are extracted from each gap length curve of every specimen:

Initial Gap Average of 15 s (between 5 s and 20 s measurement time to wait for force actuator
equilibrium of the machine) at the start of the experiment at room temperature.

Gap After Glass Transition Gap length value around 220 s when the gap length has stabilized after
the rapid collapse of gap length that corresponds with the glass transition temperature. For the
as-received tape this point corresponds with the gap length after the ‘bump’ that is also marked
in Figure 6.1b. For the laser deconsolidated specimens, the first derivative of the gap length curve
was used in order to pick the point where the gap length change became (near) zero.

Gap at Melt Gap length right before the collapse of gap length that corresponds with the melting
temperature. The point is picked at the moment that the gap length is reducing with 20 um/s as
this procedure is consistent for all degrees of deconsolidation. For the as-received specimens, this
point occurs right after the peak that which is present near the melting temperature, see Figure
6.1b. The slightly deconsolidated gap length curves start decreasing slowly while being far away
from the melting temperature without crossing the 20 um/s gap length change, therefore, the point
might be less representative for this degree of deconsolidation. The highly laser deconsolidated
specimens change more abruptly, see Figure 6.1f, and the chosen point is near the local gap length
peak corresponding with the melting temperature.

End Gap Average gap length of the last 15 s of the measurement which includes a significant cool-
down period to ensure all thermal expansion effects between the measurement with tape and
reference test have reached equilibrium.

The gap length values at these points and ratios between points allows to present charts where all
degrees of deconsolidation and all pressure levels can be compared with each other.

The initial gap length when the sample was loaded at room temperature is provided in Figure 6.4a.
When the clamping pressure is increased, the specimen is flattened more, only from 50 to 100 kPa
pressure the highly laser deconsolidated specimen remains at more or less equal gap length. The figure
also shows a clear increase in gap length when the degree of laser deconsolidation is increased. Only
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Figure 6.3: Characteristic points identified in gap length measurements of 360 °C maximum temperature
setting intimate contact experiment.

the as-received specimens are compressed to a gap length that is near the nominal pristine thickness of
150 pm, thus the cooled down deconsolidated states cannot be reverted back to pristine tape thickness
at room temperature.

Figure 6.4b depicts the gap length after the glass transition temperature, shows that only the
as-received samples were compacted to and below the nominal pristine thickness of 150 pm at the
pressure levels of 10, 50 and 100 kPa while the laser deconsolidated samples are significantly thicker. At
300 kPa, the gap lengths at different degrees of deconsolidation are much closer to each other, the rapid
laser deconsolidated specimen are still above the nominal thickness. Strangely, the as-received samples
resulted in a thickness slightly higher (around 2pm) than the nominal thickness at 300 kPa whereas
it was compressed to smaller sizes at lower pressures. Significant difference between the slightly and
highly laser deconsolidated tapes is only observed at 50 and 100 kPa, at the two pressure levels the
higher degree of deconsolidation also has a higher gap length after the glass transition region.

The gap length values of the points after the glass transition and at the melting point are very close
to each other which was highlighted as the plateau in Figures 6.1d and 6.1f. Therefore, the data is
presented as difference between the melting point and glass transition as a percentage in Figure 6.5a.
The as-received tapes show a significant 9pm increase in gap length at 10 kPa to gradually decrease
to a gap length difference of less than 3pum at 300 kPa. The highly laser deconsolidated increase less
than 3um for all pressure configurations. The values for the slightly laser deconsolidated specimens
does not represent the same as for the as-received and highly laser deconsolidated specimens since the
gap length starts to decrease much more gradually before the melting temperature (see Figure 6.1d),
therefore the chosen melting point has a much lower value.

Figure 6.5b shows the difference between the gap length after the glass transition region and at the
end of the experiment. The scatter between the repetitions is quite large. There is a clear distinction
between the as-received and laser deconsolidated specimens. At 10 kPa, the as-received tapes do not
change in thickness on average, but with increasing pressure, the tapes are more compacted more, re-
sulting to around 20 pm compaction at 300 kPa. Both laser deconsolidated specimens compact between
30 and 50 pm varying over all pressure levels.

The final thickness of the specimens is presented in Figure 6.6 which contains the gap length at the
end of the intimate contact test and the thickness measured from the microscopy images of the cross-
sections. The data from both methods match with each other except for the magnitude with respect to
a pristine tape at 10 kPa. At 10 kPa, the as-received and slightly laser deconsolidated specimens are
around the nominal pristine tape thickness based on the gap length data whereas the cross-sectional
microscopy data shows lower than pristine tape thickness values for these specimens. The highly laser
deconsolidated specimens are clearly thicker than a pristine tape after the intimate contact test. With
increasing pressure, the final thickness is reducing for all degrees of deconsolidation. At 50 kPa pressure,
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after the glass transition for different laser deconsolidated specimens and pressure levels subjected to a
maximum temperature of 363 °C.
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Figure 6.6: Tape gap length (a) and thickness (b) after intimate contact experiment of different laser
deconsolidated specimens and pressure levels subjected to a maximum temperature of 363 °C.

all degrees of deconsolidation are below the 150 pm nominal tape thickness. At 300 kPa pressure, all
degrees of deconsolidation results in a similar thickness.

6.1.2 Void Content

The void content of the tapes after the intimate contact test is presented in Figure 6.7. Since the
intimate contact experiment consists of a single tape, the reported void content is the intralaminar void
content. The worst case measurement was a single highly laser deconsolidated specimen subjected to
10 kPa pressure, resulting to 1 % which is still within the manufacturer specifications' of <1 %.

The void content results of the as-received tapes are consistently around 0.2 to 0.3 % over all pressure
levels. Both slightly and highly laser deconsolidated specimens show a downward trend in the observed
void content with increasing pressure. Especially at 10 kPa there seems to be a significant difference
between the as-received and both laser deconsolidated specimens. A close-up of the cross-section of
a slightly laser deconsolidated specimen is provided in Figure 6.8 showing the size of the voids. At
50 and 100 kPa, there error bars of all degrees of deconsolidation overlap. Interestingly, at 300 kPa
the higher the degree of deconsolidation the lower the final void content, however, with such low void
volume content the difference is highly sensitive for local features.

A selected set of zoomed-in cross-sectional images is provided in Figure 6.9. The overview shows how
the cross-section evolves for each degree of deconsolidation with the applied pressure. For void content,
Figures 6.9g and 6.91 depict how void that were present pre-intimate contact have been compressed or
even fully disappeared. The highly laser deconsolidated specimens at 10 kPa pressure were found to
have more voids, but also often slightly bigger voids, than the slightly laser deconsolidated specimens.
For the higher pressures, the void size is often in the order of one to a few carbon fiber cross-sectional
areas.

6.1.3 Surface Area

The projected surface area of the samples was measured before and after the intimate contact exper-
iment. The specimen areas vary since the specimens were cut manually from a longer piece of tape
material, therefore, the ratio of the projected surface area after the intimate contact experiment over
the value before the experiment is presented in Figure 6.10.

At a pressure of 10 kPa, most the of measurements shrunk in projected area. Going to 50 and 100
kPa, there is quite some variation for the as-received and slightly laser deconsolidated specimens. The
highly laser deconsolidated specimens follow a more stable trend of increasing area ratio with increasing

1TenCate Product Data Sheet: CETEX-TC1200_DS_012417
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Figure 6.7: Post intimate contact experiment void content of different laser deconsolidated specimens
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Figure 6.8: Representative void content close-up of slightly laser deconsolidated specimen, before and
after intimate contact experiment, subjected to 10 kPa and a maximum temperature of 363 °C.
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Figure 6.9: Overview of cross-section evolution with respect to applied pressure for as-received (a, b,
¢, d, and e), slightly laser deconsolidated (f, g, h, i, and j), and highly laser deconsolidated (k, 1, m, n,
and o) specimens subjected to a maximum temperature of 363 °C.
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Figure 6.10: Projected area percentage difference post-intimate contact over pre-intimate contact ex-
periment of different laser deconsolidated specimens and pressure levels subjected to a maximum tem-
perature of 363 °C.

pressure, however, when omitting either the 50 or 100 kPa pressure, the as-received and slightly laser
deconsolidated specimens also show a clear increasing trend in area ratio with pressure.

At 300kPa pressure, a clear increase in area is present for all degrees of deconsolidation and the
magnitude is similar for all states of deconsolidation. Observation of the microscopy surface images
reveals that resin percolation occurs which contributes to the area increase. Figure 6.11 shows that resin
percolation is more substantial at 300 kPa than at 100 kPa pressure for the highly laser deconsolidated
specimens. Additionally, the higher pressure specimens did not deform uniformly in width: the width
at the middle of the specimen increased and is slightly more than at the upper and lower parts of the
specimen.

6.1.4 Surface Characterization

The surface profile measurements provided a primary profile which was post-processed to a roughness
and waviness curve as was explained in more detail in Section 4.4.1. The roughness results are presented
first and then the waviness data.

Roughness

Root-mean-square roughness values of the laser exposed sides of the specimens are presented in Figure
6.12a. For all pressure levels, a higher degree of deconsolidation led to a rougher surface after the
test although at 10 and 100 kPa pressures there is so much overlap between the measurements of the
slightly and highly deconsolidated specimens the difference is not significant. Additionally, increasing
the pressure resulted in lower roughness of the tape.

The roughness ratio of each specimen post-intimate contact test (Figure 6.12a) over pre-intimate
contact test (Figure 5.4) is found in Figure 6.12b. The as-received specimens at 10kPa are around 20 %
rougher after the intimate contact experiment than before, whereas the initially much rougher laser
deconsolidated specimens are decreasing in roughness at 10kPa. The roughness values of the rapid
laser deconsolidated tapes at 10 kPa pressure after intimate contact test are, however, still higher than
that of a pristine tape.

Interestingly, when looking at the bottom side, opposite of the laser exposed side, of the specimens
in Figure 6.13, the trend of roughness values between the degrees of deconsolidation has changed. The
slightly laser deconsolidated specimens are consistently rougher than the highly laser deconsolidated
specimens. This difference cannot be explained by the roughness of the specimens before the intimate
contact test. Figure 5.4 showed a small difference between the laser exposed and tool sides of the
specimens, but the highly laser deconsolidated specimens exhibit significantly higher roughness values
for both sides than the slightly laser deconsolidated specimens.



54 Chapter 6. Intimate Contact Development

(c) Zoom-in at resin percolation of 100kPa pressure (d) Zoom-in at resin percolation of 300kPa pressure
specimen. specimen.

Figure 6.11: Projected area pictures of highly laser deconsolidated tapes after intimate contact exper-
iment at 100 kPa and 300 kPa pressure subjected to a maximum temperature of 363 °C, with zoom-in
to longitudinal resin percolation at the end of the tape.
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Figure 6.12: Root-mean-square roughness results of laser exposed (top) side of different laser deconsol-
idated specimens and pressure levels subjected to a maximum temperature of 363 °C.
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Figure 6.13: Root-mean-square roughness results of tool (bottom) side of different laser deconsolidated
specimens and pressure levels subjected to a maximum temperature of 363 °C.

Waviness

The waviness measurements of the post-intimate contact test are shown in Figure 6.15a. The waviness
was averaged over both laser exposed (top) and tool (bottom) sides since there is values are nearly
identical. The waviness of the as-received specimens seem to be slightly decreasing with increasing
pressure, but for the other degrees of deconsolidation there does not seem to be a clear trend. The
rapid laser deconsolidated specimens actually increase in waviness at the higher pressures. At 100 and
300 kPa pressure, both slightly and higher laser deconsolidated specimens exhibit higher a waviness
than the as-received samples. However, with only three repetitions per setting and these scatter ranges
it is hard to conclude from the data.

A more useful representation is the ratio of the waviness post-intimate contact test (Figure 6.15a)
over its value pre-intimate contact test (Figure 5.5a) in Figure 6.15b which shows that the rapid laser
deconsolidated specimens’ waviness is highly reduced by the intimate contact experiment. The as-
received tapes, however, increased in waviness after the intimate contact experiment.

A reason for the large scatter in the measurements is the influence of the overall shape or warpage
of the tape. A closer look at the primary and waviness profiles of the laser deconsolidated tapes, two
representative profiles are provided in Figure 6.14, shows that the slightly laser deconsolidated sample
has a more pronounced shape affecting the waviness value. A recommendation is to apply a shape
correction to eliminate the overall shape of the profile and one could investigate more local waviness
behavior.

With the 2.5 mm high bandwidth filter applied, the scatter between the measurements was reduced.
At 100 kPa the results are more distinct from each other and it seems like the more deconsolidated
specimens result in more waviness, but this cannot be confirmed at the other pressure levels where the
measurement data range overlaps between the different degrees of deconsolidation. Compared with the
pre-intimate contact waviness of 8 to 17pm in Figure 5.5b, the specimens have become much flatter
with a waviness of 1.5 to 2 pm.

6.1.5 Developed Degree of Effective Intimate Contact

The DEIC results are, similar to the roughness results, also separately shown for the laser exposed (top)
side and bottom side in Figure 6.16. For the 10, 50, and 100 kPa pressure levels, the laser exposed
(top) side performs as expected (see Figure 6.16a): the higher the degree of deconsolidation the lower
the amount of developed DEIC. At the tool (bottom) side (see Figure 6.16b), however, for the same
pressure levels, the highly laser deconsolidated tapes developed more effective intimate contact than the
slightly laser deconsolidated tapes. Additionally, the highly laser deconsolidated specimens developed
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Figure 6.14: Primary and waviness profiles of a slightly and highly rapid laser deconsolidated specimen
subjected to 50 kPa pressure and a maximum temperature of 363 °C. The profiles were measured at the
laser exposed (top) side in the middle of the specimens.
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Figure 6.15: Root-mean-square waviness results after intimate contact experiment of different laser
deconsolidated specimens and pressure levels subjected to a maximum temperature of 363 °C.
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Figure 6.16: DEIC results of different deconsolidated specimens and pressure levels subjected to a
maximum temperature of 363 °C.

the same amount or more effective intimate than the as-received tapes.

A significant amount of intimate contact is already developed at 10 kPa which is interesting con-
sidering that for example the roughness results showed an equal or worse roughness of the as-received
tapes after the test with respect to before the intimate contact experiment at this pressure. At 300 kPa
pressure, the different degrees of deconsolidation perform comparable and differences are assumed to
be within the experimental and chosen grayscale threshold accuracy.

An overview of one surface per configuration (degree of deconsolidation and pressure level) is shown
in Figure 6.17. A clear trend is observed: DEIC (bright) and fiber rich (dark) areas mostly orientated
along the fiber direction (vertically). Also it is visually clear that the DEIC area increased with pressure,
but the difference between the degrees of deconsolidation for a set pressure level is not significant enough
to distinguish by eye. The DEIC area seems to develop in a similar manner between the degrees of
deconsolidation.

6.1.6 Discussion

The presented results evaluated Hypothesis HP 1 for a maximum temperature that was above the
melting temperature. For the pressure range between 10 and 100 kPa, increasing the degree of decon-
solidation led to higher final tape thickness, higher roughness of the laser exposed side, and a decrease
in DEIC of the laser exposed side. This was as expected due to their pre-intimate contact state that was
analyzed in in Chapter 5: the rapid laser deconsolidated specimens exhibited higher initial roughness
and waviness which affects the same properties as well as the DEIC at the post-intimate contact experi-
ment state at these pressure levels. In order for the rapid laser deconsolidated specimens to be reverted
back to pristine tape properties, the global cross-section needs to flattened requiring both deformation
of the composite fiber-matrix medium as well as flow of the matrix to wet dry fibers or locally fiber
dense areas.

Void content was hypothesized to increase when increasing the degree of deconsolidation or decreas-
ing the applied pressure. However, only at 10 kPa pressure, the void content of the laser deconsolidated
specimens was more than the as-received state of deconsolidation, at the other pressure levels the results
of the different degrees of deconsolidation within each others range. The reduction of the void content
is significant when compared to the cross-section before the intimate contact test in Figure 5.9. One
of the reasons for the low void volumes, is that the void migration distance is very small, if voids can
escape through the thickness being maximum 75pm to either top or bottom side from the middle of
the tape. Additionally, the time above the melting temperature provides ample time for the voids to
migrate, significant void reduction can be established in a matter of seconds especially at small distances
[76]. This might be different when two tapes are placed on top of each other and voids are trapped,
especially for processing conditions with much smaller time-frames. Two major thickness reductions
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Figure 6.17: Overview of DEIC surface characterization of as-received (a, b, ¢, and d), slightly laser
deconsolidated (e, f, g, and h), and highly laser deconsolidated (i, j, k, and 1) specimens subjected to a
maximum temperature of 363 °C.
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occurred during the intimate contact experiment: around the glass transition temperature and around
the melting temperature. Considering the size of the void before the intimate contact experiment, it
can be hypothesized that the majority of void content, together with the waviness (out-of-plane de-
formations) are eliminated during the first gap length reduction at the glass transition temperature.
Then, the second gap length reduction, when the specimen reaches its melting points, should relate with
a global squeeze flow deformation in the direction perpendicular to the fibers of the whole tape and
matrix flow percolating in the directions along the fibers through-the-thickness. At 300 kPa, the persin
percolation along the fibers had increased significantly in Figure 6.11 and areas developed DEIC more
significantly in the direction along the fibers. This might indicate that resin percolation along the fiber
direction is more dominant than through-the-thickness resin flow. Finally, squeeze flow was expected
to contribute to the thickness decrease of the samples, but the projected area results indicate only a
more significant increase in area of around 3 % at the highest pressure level setting. This suggests that
either the specimens do increase in width because of squeeze flow or they warp, causing the projected
area to under-represent its actual surface area.

In HP 2 it was hypothesized that a critical pressure exists at which neither deconsolidation nor
consolidation takes place. At 10 kPa, the as-received little to no thickness decrease in Figure 6.6,
but both rapid laser deconsolidated configurations did compact significantly with respect to their pre-
intimate contact experiment thickness. The projected area difference results from Figure 6.10, suggests
the as-received tapes deconsolidated since they shrunk in projected area, and the slightly and highly
deconsolidated tapes remained almost identical in their projected area ratio. The roughness results at
10 kPa after the intimate contact test, Figure 6.12a, are slightly higher than that of a pristine tape,
shown in Figure 5.4, whereas at 50 kPa the roughness of all degrees of deconsolidation are below the
pristine state. It seems that 10 kPa pressure is, therefore, an adequate estimation for a so called critical
pressure [55] which compacts the fiber bed to a state similar to the pristine tape state. This result is
one order of magnitude lower than the 100 kPa minimum pressure based on overall thickness change
found in welding experiments for carbon fiber Polyetherimide (PEI) by Ageorges et al. [77]. More
resemblance, however, is found when comparing with the CF/PEEK results of Barnes and Cogswell
[40], showing that 20 kPa pressure is minimum pressure to achieve consolidation in a 5 minute windows
with a small width increase of the material.

A ‘bump’ was identified in Figure 6.1b which corresponds with the glass transition point of PEEK at
143 °C. Interestingly, the as-received tapes reach a first local minimum after compacting due to stiffness
loss related to the glass transition temperature. The glass transition, however, must still be going
on as an apparent energy release the of polymer chains result in a temporary thickness increase and
subsequent decrease that was identified as a ‘bump’. It is unclear if during this phenomenon also fiber
rearrangement occurs or that that whole thickness change can be attributed to the PEEK properties
itself. The point at which the rapid laser deconsolidated specimens reached their gap length after glass
transition correspond to the end of the ‘bump’; at 218 to 222s. Thus the behavior occurs only for a
densely arranged fiber bed like as-received specimens which are for all pressures at or below the pristine
tape thickness of 150 pm whereas the rapid laser deconsolidated specimens do still exhibit significant
difference with respect to the pristine tape state, all shown in Figure 6.4h.

6.2 Glass Transition Behavior Investigation

An additional setting was carried out with 300 kPa pressure and a maximum temperature measured by
the thermocouple of 200 °C, which will also be referred to as ‘low’ temperature setting, see Table 4.2.
This low temperature setting was applied to all degrees of deconsolidation and this section presents
these results and relates them with the 300 kPa pressure setting subjected to a maximum temperature
of 363 °C from the previous section also referred to as ‘high’ temperature setting. The comparison will
then be able to find which of the observations of the high temperature configurations happen during
the glass transition and which of the deformations occur when the specimens reach their melting point.

6.2.1 In-situ Gap Length

The gap length measurements during the intimate contact experiment are shown in Figure 6.18a.
The as-received specimens start at the nominal tape thickness of 150 pm at room temperature and
do not change significantly in gap length compared to the laser deconsolidated specimens. The laser
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Figure 6.18: Gap length measurements of different rapid laser deconsolidated states subjected to max-
imum temperatures of 200 and 363 °C at 300 kPa pressure

deconsolidated specimens start at a higher initial gap length and also after the glass transition region
they remain at a higher gap length than the as-received tapes. The difference in gap length between
the slightly and highly laser deconsolidated specimens starts at around 50 pm, significantly reduces to
15um right after the glass transition region during the heating phase, to then gradually converge to a
difference of less than 5 pm when the temperature during the cooling phase decreased to slightly below
the glass transition temperature.

A comparison between the as-received tapes of both temperatures is provided in Figure 6.18b. The
200 °C data should follow the same behavior up to around 200 °C as the higher temperature curve. The
bump after the glass transition temperature in also present at the 200°C curve. At the end of this
bump, the gap length difference between both temperature settings is less than 3 pm and increases to
6 pm difference at the moment that the high temperature setting starts to melt. The gap length of the
low temperature setting remains constant while the high temperature setting experiences a significant
thickness reduction during melting.

The slightly and highly laser deconsolidated low temperature gap length curves are also very similar
to their high temperature counterparts up till the glass transition, see Figures 6.18c and 6.18d respec-
tively. The maximum difference in gap length between the two temperatures during heating before
the melting temperature is reached is less than 5 pm for the slightly laser deconsolidated and less than
14 pm for the highly laser deconsolidated specimens.
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Figure 6.19: Initial gap (a) and gap length after glass transition (b) of different laser deconsolidated
specimens subjected to maximum temperatures of 200 and 363 °C at 300 kPa pressure.

Characteristic Points

The initial gap, the gap after glass transition, and the gap at the end of the test were extracted from
the individual measurements as is shown for the high temperature curve in Figure 6.3 and explained in
more detail back in Section 6.1.1.

The initial gap length of a degree of deconsolidation, see Figure 6.19a, is nearly identical between
the low and high temperature setting. Thus, the two sets of specimens have initially the same thickness
within each state of deconsolidation which is as expected and shows that there is no large variance
in the initial states between the two temperature settings. Increasing the temperature to above the
glass transition, shown in Figure 6.19b, the as-received samples remained at the nominal thickness of
150 pm whereas the slightly laser deconsolidated tapes are at least around 10 % thicker after the glass
transition. Both temperature profile settings perform similar for these two states of deconsolidation
since the applied temperature profiles do not deviate yet. The highly laser deconsolidated specimens of
for the 200 °C maximum temperature setting perform as expected: exhibiting a higher thickness at glass
transitions temperature than the slightly laser deconsolidated category. The high temperature setting,
however, has a lower gap length value than expected, even lower than the slightly laser deconsolidated
configuration.

Figure 6.20 shows both the gap length at the end of the intimate contact experimental as well as
the thickness after the experiment obtained via cross-sectional microscopy. Both measurement methods
result in almost identical values for the 200 °C maximum temperature data. The as-received tape at
low temperature setting remains at the pristine tape thickness. The laser deconsolidated tapes are
about 10 to 15 % thicker than a pristine tape. Only the high temperature specimens, that experienced
temperatures above melt, have significantly decreased in thickness and result all in nearly identical
thickness values of about 130 pm based on the cross-sectional microscopy data in Figure 6.20b.

Figure 6.21 shows the difference between the gap length after glass transition and at the end of
the experiment. The low temperature setting shows that after the specimens have reached the glass
transition temperature, the gap length remains practically constant for the as-received and slightly
deconsolidated specimens. The highly deconsolidated data at the low temperature setting might show
a bit of gap length decrease or its value is within the accuracy of the test setup.

Another way to analyze the effect of the melting region is by comparing the thicknesses from cross-
sectional microscopy after the low temperature and after the high temperature test. The difference
between the thicknesses is shown in Figure 6.22, the as-received tapes decrease with 20 pm and the laser
deconsolidated tapes with around twice that amount.
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Figure 6.20: Tape gap length and thickness after intimate contact experiment of different laser decon-
solidated specimens subjected to maximum temperatures of 200 and 363 °C at 300 kPa pressure.
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Figure 6.23: Post intimate contact experiment void volume of different laser deconsolidated specimens
subjected to maximum temperatures of 200 and 363 °C at 300 kPa pressure.

6.2.2 Void Content

The void content data in Figure 6.23 shows that the as-received specimens at the low temperature
setting have a very low void content of 0.3 % similar to that of the high temperature specimens which is
lower than the pre-intimate contact void content of 0.7 % shown in Figure 5.8. The slightly and highly
laser deconsolidated specimens, however, do show a significantly higher amount of void volume content
of 2.1 and 3 %, respectively.

A qualitative view of representative cross-sections of as-received and laser deconsolidated specimens
pre-intimate contact test and post-intimate contact test subjected to both the 200 and 363 °C maximum
temperatures is shown in Figure 6.24. The close-up sections were chosen to represent the overall state
of a specimen subjected to 300 kPa pressure. There is no visible difference between the as-received
cross-section before, in Figure 6.24a, and after, in Figure 6.24h, the experiment when subjected to a
maximum temperature of 200°C. When the temperature is increased to above the melting point, the
top and bottom surfaces are noticeably smoother as shown in Figure 6.24c.

The highly laser deconsolidated tape however, shows a significant reduction in roughness and wavi-
ness of the tape when subjected to a temperature of 200 °C, see the Figure 6.25. Not all the voids are
compressed, however, the void content post-intimate contact test is roughly half of its size pre-intimate
contact test. When subjected to a maximum temperature of 363 °C, there is no visual difference be-
tween the as-received and laser deconsolidated tape anymore, see Figures 6.24¢ and 6.24f, and the void
content values, <0.2 %, are basically within the measurements accuracy.

6.2.3 Surface Area

Figure 6.26 presents the surface area difference between post-intimate contact and pre-intimate contact
experiment of both low and high temperature levels. The as-received and slightly laser deconsolidated
specimens have a negligible amount of deformation. The highly laser deconsolidated specimens show
a small amount of increase in the projected area. An image, used to measure the projected area is
shown in Figure 6.27. No sign of resin percolation appear, unlike the ‘high’ temperature setting that
was shown in Figure 6.11.

6.2.4 Surface Profile Characterization

This section shows and discusses the roughness and waviness values that were extracted from three
sections along the full width of the tapes, see Section 4.4.1 for more details regarding the procedure.
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Figure 6.24: As-received (a, b, and c¢) and highly laser deconsolidated (d, e, and f) cross-sections at
states before intimate contact experiment (a and d), after intimate contact experiment subjected to a
maximum temperature of 200 °C (b and e), and after experiment subjected to a maximum temperature
of 363°C (c and f). Applied pressure of 300 kPa for all cases.
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Figure 6.25: Highly laser deconsolidated cross-section pre- and post-intimate contact test of 200°C
maximum temperature at 300 kPa pressure.
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Figure 6.26: Projected area percentage difference post-intimate contact over pre-intimate contact ex-
periment of different laser deconsolidated specimens subjected to maximum temperatures of 200 and
363 °C at 300 kPa pressure.

Roughness

The root-mean-square roughness of the laser exposed (top) side of the specimens post-intimate contact
test are shown in Figure 6.28a. There is no significant difference between the top and bottom side values
for the low temperature setting, hence only the top (laser exposed) side is presented. In both cases,
the higher the state of deconsolidation, the higher the roughness after the intimate contact experiment.
The high temperature setting resulted in a significantly lower roughness of the specimens. Comparing
the roughness after the experiment with its state before the experiment, see Figure 6.28b, shows that
at the low temperature setting the as-received specimens slightly increased in roughness, whereas the
laser deconsolidated specimens decreased in roughness by 20 and 40 % for the slightly and highly laser
deconsolidated specimens, respectively. Albeit this significant reduction in roughness, the magnitude is
still higher than its lower degree of deconsolidation counterparts. When the melting point is reach the
roughness reduces more significantly to only 10 to 20 % of its pre-intimate contact experiment state.

Waviness

For the waviness profiles, both sides of the specimens have been averaged since there is no significant
difference between them. The root-mean-square waviness values are reported in Figure 6.29a. At the
low temperature setting the as-received specimens have more waviness than the laser deconsolidated
tapes whereas at the high temperature setting the as-received tapes’ waviness is lower than the laser
deconsolidated tapes. The slightly and highly laser deconsolidated tapes perform similar to each other at
both low and high temperature configurations. Since the waviness differences between both temperature
settings is low with respect to the waviness of the specimens before the test, the waviness ratios of the
laser deconsolidated specimens is similar for both temperatures, see Figure 6.29b. The as-received
samples increased in waviness with respect to their pristine state. With the 2.5 mm high bandwidth
filter applied, the waviness has significantly decreased as well. The values reported in Figure 6.29¢ show
a small, but clear, difference between the two different maximum temperature settings. These values
better match the flattening of the highly laser deconsolidated cross-section shown in Figure 6.25.
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temperature of 200 °C at 300 kPa pressure.
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Figure 6.30: DEIC results of both sides of different laser deconsolidated states subjected to maximum
temperatures of 200 and 363 °C at 300 kPa pressure.

6.2.5 Developed Degree of Effective Intimate Contact

The DEIC values of the 200°C maximum temperature, found in Figure 6.30a, shows that all states
of deconsolidation result in similar DEIC values for both top and bottom side of the tapes, except
the bottom side of the as-received tapes which resulted in a higher DEIC. The DEIC values are very
similar to the surface of a pristine tape, found in Table 4.3, and significantly smaller than the higher
temperature specimens in Figure 6.30b.

A visual observation of the difference between top and bottom sides of an as-received specimen that
was subjected to a maximum temperature of 200°C is provided in Figure 6.31. The shown specimen
was the one with the highest DEIC value of the bottom side. Clearly, the bottom side of the specimen in
Figure 6.31c¢ contains significantly more DEIC area than the top surface in Figure 6.31a. Additionally,
the grayscale histogram of the bottom side shows an evident peak right of the chosen threshold in Figure
6.31d while the top side does not, see Figure 6.31b.

6.2.6 Discussion

Before evaluating Hypothesis HP 3 in Section 6.3.6, the state at glass transition during the intimate
contact experimented need to be analyzed. For the laser deconsolidated specimens, a significant re-
duction of the void content (Figure 6.23) and flattening of the surface (Figures 6.26, 6.28, and 6.29)
has been observed when subjected to a maximum temperature of 200 °C while the as-received speci-
mens remained constant. Apparently, the pressure and polymer mobility are high enough to plastically
deform the smallest and highest surface asperities of the laser deconsolidated specimens from Figure
6.24d to Figure 6.24e, but asperity size of the as-received specimens is too large to subject to plastic
deformation at a nominal pressure of 300 kPa. These changes can all be related to the glass transition of
PEEK which occurs around 143 °C and increases polymer mobility. At that temperature, a significant
reduction in gap length took place place which relates with the loss of stiffness, see Weiler [78] for a
stiffness modulus relation of CF/PEEK versus temperature, flattening the out-of-plane features and
reducing the void content.

During the cooling phase, a ‘bump’ was identified (Figures 6.1d and 6.1f) that occurs at a tem-
perature between 290 and 310°C. Kramer [79] showed with Differential Scanning Calorimetry (DSC)
results that the crystallization temperature is around a similar range (between 285 and 305°C) and
suggests that below this temperature no further waviness is being developed. Kramer [79] and Kugler
[80] showed that the primary cause for waviness was due to the mismatch of thermal expansion of
the composite material and the tool in experiments where a laminate was being cooled down from its
molten state. The waviness results (Figure 6.29) and cross-section illustration (Figure 6.24), however,
show that significant waviness reduction can be achieved when heating up to temperatures below the
crystallization point.
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Figure 6.31: Top versus bottom side differences of as-received specimens subjected to 300 kPa and a
maximum temperature of 200 °C.



6.3. Temperature Variation Near Melt 71

Table 6.1: Temperature variation characterization thickness, void content, roughness and DEIC results,
subjected to different temperatures at 300 kPa pressure.

Characterization Maximum temperature Unit
301°C 311°C 331°C 343°C
Thickness 152 151 151 — pm
Void content 0.22 0.21 0.21 - %
Top 4.1 3.4 3.2 1.4 pm
Roughness — p iom | 3.0 3.2 3.4 1.3  pm
Top 9 8 17 79 %
DEIC Bottom | 8 9 8 84 %

Despite the reduction of out-of-plane features below melt, the DEIC does not appear to be affected
and is still similar to a pristine tape. Hence, DEIC development requires a more free flow of polymer
chains than the mobility at rubbery state of 200 °C which was also shown by the lack of resin percolation
for the ‘low’ temperature case in Figure 6.27.

6.3 Temperature Variation Near Melt

The temperature difference between the ‘low’ and ‘high’ temperature configurations is large in terms of
both temperature and time above the glass transition. This section presents results based on individual
as-received tape measurements (thus no averaging of repetitions) subjected to increasing temperatures
until melt is reached, see Table 4.2 for an overview of the temperature profile settings, to see what
happens between the low and high temperature settings at 300 kPa pressure. The results of the
characterization of each specimen are shown in Table 6.1. The following sub-sections will discuss each
characterization in more detail.

Note that this section compares the temperature variation 301, 311, 331, and 343 °C maximum
temperature data in some figures directly with the 200 and 363 °C maximum temperature results.
However, the temperature profiles, shown in Figure 6.32, are slightly different since the temperature
variation experiments used a 0 s hold time at the maximum temperature in the DMTA machine while the
low and high temperature settings employed a 20 s hold time at the maximum temperature resulting in a
slightly more shallow temperature profile near the peak. Additionally, the temperature variation results
consist of a single specimen for each configuration whereas the 200 and 363 °C maximum temperature
experiments were carried out with three repetitions per setting to give better insight to the expected
variance.

6.3.1 In-situ Gap Length

The gap length measurements in Figure 6.32 show a higher gap length fluctuation over the temperature
ramp than the averaged results from the low (Figure 6.182) and high (Figure 6.2) temperature range,
causing a difference of up to 20 pm between the 301 and 311 °C maximum temperature configurations
after the glass transition. Considering the thickness increase of the initial state to the post-intimate
contact experiment state of the 301 °C maximum temperature sample, there might be some experiment
inaccuracy of around 10 pm for that measurement. Anyhow, most importantly is that only the 343°C
maximum temperature setting resulted in a rapid decrease in gap length that is similar to the gap
length reduction near the melting point observed in the 363 °C maximum temperature configurations.
All other temperature settings exhibit more gradual gap length changes. The behavior of the 343 and
363 °C maximum temperatures are, therefore, very similar to each other despite their difference in hold
time. Similarly, for the configurations below the melting temperature: the behavior of the 200 versus
301, 311, and 331 °C maximum temperature curves is similar to each other as well when comparing the
global behavior and characteristic point between Figures 6.18b and 6.32.
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Figure 6.32: Gap length measurements of individual as-received tapes subjected to maximum temper-
atures of 301, 311, 331, and 343 °C at 300 kPa pressure.

6.3.2 Final Thickness

The final thickness values, found in Table 6.1, of the specimens that were subjected to maximum
temperatures of 301, 311, and 331°C is around 150 pum, equal to measurements of the as-received
samples subjected to a maximum temperature of 200°C, shown in Figure 6.20b, as well the nominal
thickness of a tape.

Figure 6.33a shows the thickness values after the intimate contact test of all experiments carried out
at 300 kPa pressure. The bar chart makes clear that between 200 and 331 °C no change is observed in
the final thickness of the specimens.

The cross-section of the 343 °C maximum temperature specimen was not characterized, unfortu-
nately. However, the gap length graph, Figure 6.32, shows a final gap length of around 130 pm for this
specimen which matches with the as-received 363 °C maximum temperature gap length and thickness
results from Figure 6.20. Hence, all final thickness change seems to happen between 331 and 343°C
and afterwards the final thickness stays constant until at least the 363 °C maximum temperature profile
setting.

6.3.3 Void Content

The void volume content of the 301, 311, and 331 °C maximum temperature tapes is 0.2 %, see Table
6.1. These values are in-line with the void content results of both 200 and 363 °C maximum tempera-
tures of the as-received tapes in Figure 6.23. Unfortunately, the cross-section of the 343 °C maximum
temperature specimen was not prepared, but considering the 363 °C maximum temperature void volume
content results of 0.2% it is assumed that this is also the case for the 343 °C maximum temperature
specimen.

6.3.4 Surface Roughness Characterization

Only the roughness data is presented for the surface profile characterization. Besides Table 6.1, Figure
6.33b also shows the roughness values and range of the 200 and 363 °C maximum temperature data along
with the temperature variation specimens. The roughness values for the 301 °C maximum temperature
settings are on the higher side, but in general the roughness does not seem to be affected by the higher
temperatures and longer times above the glass transition for the temperatures between 200 and 331 °C.
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Figure 6.33: Temperature variation results compared with low and high temperature setting experiments
of as-received specimens subjected to different maximum temperatures at 300 kPa.

Between the maximum temperatures 331 and 343 °C, there is a steep decrease in roughness whereas
from 343 to 363 °C the roughness seems constant.

6.3.5 Developed Degree of Effective Intimate Contact

The DEIC values of the 301 and 311 °C maximum temperature specimens in Table 6.1 are in exactly the
same range as the top side of the as-received specimens of the 200 °C maximum temperature specimens
in Figure 6.30a. The top side measurement of the 331°C is twice as high as the lower temperature
DEIC values, but very similar to the bottom side of the as-received specimens in Figure 6.30a.

When the maximum temperature is increased from 331 to 343 °C, a significant amount of DEIC is
developed that is the same as the higher maximum temperature of 363 °C and longer time above melt
specimens reach in Figure 6.30b.
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6.3.6 Discussion

In the gap length graphs (Figure 6.1), a plateau was identified which starts after the glass transition until
and stops right before the melting point. This suggests no significant change happens until the PEEK
matrix starts to melt. Further exploration of this plateau was conducted with as-received specimens
to evaluate Hypothesis HP 3. The as-received specimens showed no significant change with respect to
its pristine state when at 200 °C maximum temperature. When being subjected to higher maximum
temperatures up to 331 °C, the as-received tapes were still not showing any significant changes in final
thickness, void content, roughness, and DEIC, even though the PEEK strength further reduces [31].
Only when the melting point is reached, significant changes happen as is depicted in Figure 6.33. This
contradicts with the degree of intimate contact development observations below melt using CF/PEEK
around 325 °C by Celik [50], the study from Stokes-Griffin and Compston [37], and below melt Carbon
Fiber Reinforced PEKK Thermoplastic Composite (CF/PEKIK) observations [82]. Their tests rely on
the interface between two tapes, it can be hypothesized that above the glass transition temperature
there is more in-situ intimate contact contributed by elastic deformation and if autohesion occurs,
the developed intimate contact will remain when cooling down together with tensional residual stress,
whereas if no autohesion takes place the polymer will spring back when pressure is released which is
the case for the experiments presented in this chapter. This proposed hypothesis thus bases sub-melt
intimate contact development on the elastic and plastic deformation of a polymer rich area provided
with autohesion to prevent springback during cooling.

The developed DEIC at a maximum temperature of 343 °C took place within seconds, similar to
the lower viscosity Carbon Fiber Reinforced Polyamide-6 Thermoplastic Composite (CF/PAG) carbon
fiber composite experiments by Schaefer [6] and the CF/PEKK experiments at 290 kPa by Celik et al.
[39]. The 363 °C maximum temperature setting resulted in similar DEIC values as the 343 °C maximum
temperature setting while being exposed above melt for a longer time and at higher temperatures.
Experiments with a similar time frame were published by Lee and Springer [4], where developed intimate
contact remained constant at 85 % between a consolidation time of around 30 to 70 s at 276 kPa pressure
and 350°C. Higher degrees of intimate contact, near 100 %, require either substantial more time or
pressure according to the experimental data and models [4, 5].

6.4 Conclusion

Three series of intimate contact development series were presented. The first series was performed above
the melting temperature ar 363 °C and focused on the effects of pressure between 10 and 300 kPa. Either
an increase of the degree of deconsolidation or a decrease of applied pressure caused an overall increase
of the in-situ gap length measurement data, increase of roughness, and decrease of DEIC. At 10 kPa, the
final thickness and roughness remained very similar to its pristine state, however, a significant amount
of intimate contact was developed.

A second series zoomed-in at the behavior near the glass transition temperature. The as-received
state of deconsolidation did not change much in roughness value and the cross-section before and after
the intimate contact test looked very similar. The rapid laser deconsolidated specimens, however,
decreased in void content and roughness. Barely any intimate contact development occurred at this
temperature.

A final series further investigated as-received tape between the glass transition temperature and
the melting region to see if roughness, void content, or DEIC developed gradually increased. The
characterizations remained constant until the melt region was reached, indicating there are no significant
changes occurring in between the glass and melt temperatures.



Chapter 7

Conclusions

To further adopt the Laser-Assisted Fiber Placement (I-AFP) process under Out-of-autoclave (OOA)
conditions, industry demands higher laminate performance while increasing the placement speeds. In-
timate contact development is a prerequisite to initiate any load transfer between the placed tapes
and plays a key role in the final laminate performance. Recent research showed the effects of ther-
mal deconsolidation due to rapid laser heating are substantial and currently not taken into account
in the prediction on intimate contact development. This thesis then defined the term ‘Rapid Laser
Deconsolidation’ to better distinguish thermal deconsolidation due to rapid laser heating from the more
conventionally researched (thermal) deconsolidation. Literature demonstrated that characterizing a
rapid laser deconsolidated tape surface resulted in better prediction of developed intimate contact than
using an pristine tape surface as input in the widely adopted squeeze flow of surface asperity based
intimate contact models. Additionally, the rapid laser deconsolidation observations led to the pro-
posal of an intimate contact development theory based on the re-impregnation of dry fibers. However,
many consequences of rapid laser deconsolidation are not in-depth investigated and it is not yet widely
considered in the latest publications.

An approach was presented to study the L-AFP process via two separate experiments, (1) a rapid
laser deconsolidation set-up and (2) an intimate contact development experiment, allowing to investigate
the effect of different degrees of deconsolidation onto the developed intimate contact. The rapid laser
deconsolidation part functioned as a preparatory phase where Carbon Fiber Reinforced PEEK Thermo-
plastic Composite (CF/PEEK) tape specimens of three degrees of deconsolidation were produced: (1)
as-received, (2) slightly laser deconsolidated which reached temperatures between glass transition and
melting point, and (3) highly laser deconsolidated reaching temperatures well above the melting point.
Going from as-received, to slightly, to highly laser deconsolidated tapes; the tape ‘quality’ decreased
consecutively which was characterized at its cooled-down state at room temperature by the increased
roughness, waviness, and void content. A qualitative inspection of the cross-sections also clearly showed
the degradation of these laminate quality parameters. For [.-AFP, this showed that the characteriza-
tion of the as-received tape surface for the purpose of input for intimate contact development models
misrepresents the state of the tape right before nip-point. This also raises the question if tapes that
exhibit less void content in their pristine state will results in better [-AFP placed laminates.

The intimate contact development experiment, performed by compressing between two platens,
subjected the specimens to a temperature profile at constant pressures of 10, 50, 100, and 300 kPa. A
significant compaction of the laser deconsolidated samples occurs at the glass transition temperature,
when the matrix loses part of its stiffness properties. As-received tapes subjected to a maximum tem-
perature of 200 °C, which is above its glass transition, at 300 kPa pressure barely changed in thickness,
void content, roughness, and Degree of Effective Intimate Contact (DEIC). The laser deconsolidated
tapes, however, significantly reduced in thickness while still 17 to 22 pm thicker after the test than a
pristine tape. The void content was decreased, but still significantly higher than a pristine tape and the
roughness decreased to values slightly above the pristine tape measurements. Therefore, under sub-melt
temperatures and 300 kPa pressure, the rapid laser deconsolidation induced tape quality characteristics
can only be partly brought back to pristine tape conditions.

0]
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To understand around which temperature the thickness and roughness changes, and significant
amount of DEIC develops, a set of experiments with varying temperature was set up. Between 200 to
331 °C maximum temperatures; the thickness, roughness, and void content remained constant, indicat-
ing that no further change happens below melt. Only when 343 °C, which is the melting temperature
of the matrix, is reached, a vast change in properties is observed. The DEIC also remained constant
from 200 to 331°C at 300 kPa pressure (except for the top side of the 331°C setting) which contra-
dicts with two recent publications that observed sub-melt bonding. Since the aforementioned literature
employed two tapes, autohesion was possible. Whereas in the experiments presented in the previous
chapter, all elastic deformation will spring back to its nominal shape when pressure is released. This led
to the hypothesis that sub-melt bonding can occur when autohesion solidifies elastically deformation
based developed intimate contact area. This will, however, lead to residual stresses when the elastically
deformed matrix tries to springback due to thermal expansion deformations during cooling. Hence,
sub-melt bonding might be a key driver for the higher amount of residual tresses in [.-AFP created
laminates than autoclave consolidated ones.

In contrast to the sub-melt intimate contact development reported in other literature, DEIC requires
flow of the matrix material which is not possible in the rubbery state. When the melting point is reached,
the DEIC is being developed with a strong favor in the fiber direction. Showing that matrix flow along
the fibers is significant. For all degrees of deconsolidation, a significant amount of resin percolation was
observed. These observations indicate that a fiber re-impregnation based intimate contact model would
benefit from taking matrix flow along the fiber into account.

All three degrees of deconsolidation were also tested at a maximum temperature of 363 °C which is
above the melting temperature of the matrix. At 300 kPa and almost 108 s above melt, the differences
between the degrees of deconsolidation were insignificant. However, when decreasing the pressure to
10, 50, and 100 kPa, clear trends were observed: higher degrees of deconsolidation lead to larger final
thickness, higher roughness, and less DEIC. Vice-versa, a lower pressure level configurations, for a set
degree of deconsolidation, also results in a larger final thickness, higher roughness, and less DEIC. At 10
kPa, the tape ends up in a state close to its pristine condition, but also develops a significant amount of
DEIC. From these results, it appears that below a certain pressure the rapid laser deconsolidation has
a significant effect on the tape quality in L-AFP. When a certain pressure level is met and the material
reached the melting temperature, the effects of rapid laser deconsolidation can be reversed.

The findings have shown that the simulation of L-AFP placed laminates would benefit from taking
the effects of rapid laser deconsolidation into account since the rapid laser deconsolidated tapes signifi-
cantly changed in shape, void content, and fiber-matrix composition. Being able to reduce the degree of
deconsolidation of the tape that arrives at the nip-point, improves the laminate quality in terms of more
DEIC, less void content, lower thickness, and less roughness. Provided with enough pressure and time
the developed DEIC, roughness, void content, and thickness properties of a rapid laser deconsolidated
placed tape, can all be reverted back the to the levels of an as-received tape. The knowledge of sub-melt
bonding can be used for strategy regarding second-pass consolidation rolling steps and to understand
the source of the residual stresses present in L-AFP produced laminates.



Chapter 8

Recommendations

Recommendations for future work are elaborated on in this chapter, the topics are structured into three
sections. Using the same or similar set-up as the current work allows for several improvements and
additional tests which are presented in Section 8.1. Two possibilities with the currently available data
are discussed in Section 8.2. Some differences between the current set-up and [-AFP are pointed out
in Section 8.3 which can aid in the design choices for new intimate contact development experimental
set-ups.

8.1 Same Set-up

Using the same or similar set-up a number of things can be changed or improved. First of all, the current
work was exploratory and three repetitions per setting does not allow to assess statistical significance. In
creasing the repetitions will provide better insight into the variations and differences can be accredited
with more confidence.

Near, but below, melt temperature tests of rapid laser deconsolidated can confirm the current as-
sumptions that no significant change in roughness, void content, and DEIC occurs between glass tran-
sition and melting temperatures. The current specimens consisted of only as-received tapes. It would
be interesting to ascertain whether the same observations hold true of the rapid laser deconsolidated
specimens, especially regarding the void content.

Also testing tapes from different suppliers, especially resin rich tapes versus equally fiber-matrix
distribution will add valuable results to the effects on intimate contact development. Will there still be
a significant difference between as-received and rapid laser deconsolidated tapes if sufficient resin is near
the surface of the rapid laser deconsolidated tape? The current set-up is ideal to make comparisons
between different compositions of composite tapes and compare how roughness, void content, and DEIC
develop, while also being able to qualitatively assess the cross-sections of the specimens.

The crystallization temperatures were compared with literature data. Performing DSC tests at
60°C/s of the actually used material will help to further validate and correlate the in-situ gap length
behavior observed during cooling.

8.2 Deep Dive Current Data

Due to time limitations and setting the scope of the current research some interesting or complementary
actions can be taken to further broaden the scope of the research using the currently available data.
With the current data, the fiber-matrix density along the thickness of multiple sections of the tapes can
be extracted to obtain the average dry fiber length. This can quantitatively express the observations
of fibers sticking out of the fiber bed. Subsequently, intimate contact simulations using the fiber re-
impregnation model [7] can be performed with the current data to further study the effect of taking
rapid laser deconsolidation.

7
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Based on the in-situ gap length data, the viscosity can be calculated in a similar fashion to Khan
[34]. The gap length plots in Figure 6.1a show a clear onset of the melting point for the as-received
specimens, the gap length data during that first gap length reduction can then be used to calculate
the viscosity. The slightly and highly laser deconsolidated specimens can also be characterized, but
picking the melting onset point is less straightforward. Downside is that the viscosity characterization
takes place at melting temperature of 343 °C whereas viscosity values at multiple temperatures are often
preferred in order to describe its temperature relationship in the L-AFP simulation. Most interesting is
whether the rapid laser deconsolidated tapes exhibit a different apparent viscosity than the as-received
tapes due to the changes in their meso- and macroscopic properties. Especially, for squeeze flow based
intimate contact models, a viscosity expression that includes certain rapid laser deconsolidation effects
might prove more accurate than the viscosity obtained from as-received tapes that are elevated to
measurement, temperature while being pressurized.

8.3 Similarity to L-AFP

The current time above melting temperature was 107.7s whereas [.-AFP processing conditions are <1s.
If the time above melt can be reduced, the experimental conditions will be more comparable to the
L-AFP process. Exploratory trial runs can show if the test conditions and machine are repeatable
enough that multiple repetitions will undergo the same temperature cycle. The exact time above melt
is not necessarily required to be known as qualitative time steps already provide a lot of knowledge
about intimate contact development.

During the rapid laser deconsolidation experiments, the currently highly deconsolidated tapes reached
averaged maximum temperatures of 395 to 511 °C which is well above recommended processing tem-
perature range of 370 to 400°C. Further experiments with more realistic laser settings can be more
relevant to the [-AFP process.

Currently the pressure was applied during the whole experiment. With the DMTA machine it
was difficult to apply an ‘instantaneous’ pressure as the force application would first overshoot. It
could be interesting to start with a very low pressure during the heating phase to allow a specimen
to deconsolidate and apply a more significant pressure when melting is reached or at another higher
temperature point. Also, testing the difference between releasing pressure during cooling right before
and after the recrystallization point to further investigate its impact on tape laying. This will also yield
interesting understanding for what happens to plies below the top layer of the substrate and second
passes with the laser and roller to enhance the substrate.
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Appendix A

Experiment Settings

This appendix contains the settings applied to the specimens. Table A.1 contains the as-received speci-
mens of the temperature variation series which was performed without repetition of the configurations,
the ‘low’ intimate contact peak temperature specimens are shown in Table A.2; and Table A.3 lists the
‘high’ intimate contact peak temperature settings. The abbreviations ASR, SLD, and HLD are used for
the as-received, slightly laser deconsolidated, and highly laser deconsolidated specimens, respectively.

A description of the laser settings and presented values is provided in Section A.1. In similar
fashion, Section A.2, covers the used settings and presented values of the intimate contact development
experiment.

A.1 Laser Settings

The laser deconsolidation phase was carried out with a VCSEL laser, mounted 5 cm parallel above the
specimen. The amount of zones, power per zone, and duration of the laser heating could be controlled
with the basic software tool. During the experiments, all zones were set to an equal amount of power.

Temperature measurement during the laser deconsolidation was performed by a FLIR thermal cam-
era. The tables report the peak temperature, that is the highest temperature during the heating time,
see Figure 5.2. Here, the average temperature is with respect to the tape area from which the speci-
mens will be cut and the maximum temperature was determined by averaging a 3 by 3 pixel grid at
the location with the maximum temperature during peak temperature.

Table A.1 does not contain any laser settings since the temperature variation configurations conists
of only as-received tape specimens. The laser settings for the as-received specimens are blank in Tables
A.2 and A.3 as these were not subjected to the rapid laser deconsolidation experiment.

A.2 Intimate Contact Experiment Settings

The intimate contact experiment was performed in a RSA-G2 DMTA machine. All configurations used
heating and cooling rates of 60 °C/s with start and end temperatures of 25 °C. The tables report the set
maximum temperature, the soak time at this temperature and the amount of force to be applied during
the experiment. Before the intimate contact experiment, the area was measured, described in Section
1.4.2, based on that measurement and the desired pressure level, the amount of force was determined.
Due to some small changes in the threshold for the area measurement, the applied pressure is not
exactly at the desired value using the final area measurement method. Note that the report assumes
the pressures to be exactly 10, 50, 100, or 300 kPa.
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Table A.1: DMTA machine settings per specimen with corresponding peak thermocouple measurement
for temperature variation experiments.

Peak Thermocouple DMTA Settings Measured Calculated
Temperature Temperature Soak  Force Area Pressure
°C °C S N mm? kPa
301 350 0 12.129 40.4 300.0
311 365 0 13.860 46.2 300.0
331 385 0 13.629 45.4 300.2
343 400 0 14.163 48.4 292.6

Table A.2: VCSEL and DMTA machine settings per specimen of the maximum 200 °C temperature
configurations.

Laser Settings Meas Peak Temp DMTA Settings Meas Calc

Zones Power Time | Avg Max Temp Soak Force | Area Pressure
w ms °C °C °C s N mm? kPa,
ASR 245 20 12.648 42,5 297.8
ASR 245 20 12.762 429 297.7
ASR 245 20 11.814 39.6 298.1

SLD 1-11 286 800  257.5 285.4 245 20 12.846  42.8 300.0
SLD 1-11 286 800  280.4 332.9 245 20 13.851  46.2 300.0
SLD 1-11 286 800 2634 291.1 245 20 13.794  46.0 300.0
HLD 1-11 550 800  459.6 529.5 245 20 13.785 45.9 300.0
HLD 1-11 550 800  511.4 563.7 245 20 13.443 448 300.0
HLD 1-11 550 800 4584 520.5 245 20 13.104  43.7 300.0
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Table A.3: VCSEL and DMTA machine settings per specimen of the maximum 363 °C temperature

configurations.
Laser Settings Meas Peak Temp DMTA Settings Meas Calc
Zones Power Time | Avg Max Temp Soak  Force | Area Pressure

W ms °C °C °C S N mm? kPa

ASR 400 20 0.4275  43.0 9.9
ASR 400 20 0.4570  46.0 9.9
ASR 400 20 0.4574  46.0 9.9
SLD 1-11 286 800  272.2 324.3 400 20 0.4485  45.0 10.0
SLD 1-11 286 800  281.8 305.6 400 20 0.4270  42.9 10.0
SLD 1-11 286 800 295.8 329.0 400 20 0.4418 44.2 10.0
HLD 1-11 550 800  445.3 505.6 400 20 0.4469  45.0 9.9
HLD 1-11 550 800  446.7 513.4 400 20 0.4266  42.8 10.0
HLD 1-11 550 800  394.9 447.6 400 20 0.4570  45.7 10.0
ASR 400 20 2.0720 41.6 49.8
ASR 400 20 2.2905  46.1 49.7
ASR 400 20 2.2645  45.8 49.4
SLD 1-11 286 800  291.0 326.6 400 20 2.3310  46.6 50.0
SLD 1-11 286 800  231.5 268.5 400 20 2.2975  46.0 50.0
SLD 1-11 286 800  296.2 317.0 400 20 2.3805  47.6 50.0
HLD 1-11 550 800  496.0 548.8 400 20 2.1675 435 49.9
HLD 1-11 550 800  476.6 565.3 400 20 21775  43.7 49.8
HLD 1-11 550 800  484.5 566.2 400 20 22135 444 49.9
ASR 400 20 4.5160  46.5 97.0
ASR 400 20 4.4920 454 98.9
ASR 400 20 4.2720  43.0 99.4
SLD 1-11 286 800 241.1 285.4 400 20 4.5930  46.1 99.7
SLD 1-11 286 800  245.8 296.9 400 20 4.3830  44.0 99.7
SLD 1-11 286 800  272.1 293.9 400 20 4.7270  45.1 104.8
HLD 1-11 550 800  452.8 483.9 400 20 4.2260 42.3 100.0
HLD 1-11 550 800  505.9 556.9 400 20 4.5100  45.2 99.7
HLD 1-11 550 800  506.0 561.8 400 20 4.3500  43.6 99.7
ASR 400 20 13.5120 45.3 298.0
ASR 400 20 129570 43.7 296.8
ASR 400 20 12.2550 41.1 297.9
SLD 1-11 286 800  272.0 341.1 400 20 14.1810 474 299.0
SLD 1-11 286 800  268.3 321.2 400 20 13.0320 43.6 298.9
SLD 1-11 286 800  286.1 324.0 400 20 13.2450 44.3 298.9
HLD 1-11 550 800  479.0 516.1 400 20 12.9240 43.2 299.2
HLD 1-11 550 800  436.8 498.0 400 20  13.0650 43.7 299.0
HLD 1-11 550 800  505.6 528.2 400 20 12.3870 414 299.1







Appendix B

Emissivity Calibration

This appendix shows how the emissivity for the FLIR A655sc thermal camera was obtained. Similar
to the ASTM E1933 standard, the laser was used to heat two separate spot by enabling zones 5, 6, 10,
and 11. A K-type thermocouple was attached to the heated area on the left using an ultrasonic spot
welder with a small piece of Kapton tape in between, Figure B.1 shows the size of Kapton tape that
was used to cover the thermocouple. The heated area on the CF/PEEK tape at the right hand side
was left untouched as reference measurement of the thermal camera. The left and right heated areas
are within the two Kapton tapes used to attach the CF/PEEK tape onto the tool as is indicated in
Figure B.1. From the thermal camera reading, the 3x3 pixel averaged maximum temperature is used
for the reading. The thermocouple measurement and thermal camera measurement were then matched
by tuning the emissivity value.

Additionally, the distance to object was set to 0.25m and the other settings kept at factory level:
the reflected object, atmosphere, and external objects temperatures and at 20 °C, the relative humidity
of the atmosphere at 50 %, the atmosphere transmission at 0.99, and the external object transmission
to 1.00.

At higher temperatures, near and above the melting point, the thermocouple sometimes detached
from the CF/PEEK tape and the temperature variation between the left and right areas increased.
Therefore, the laser power was lowered to 200 W for 500 ms, at which point the thermocouple did not
detach anymore and the left and right area temperatures seemed to be more consistent. This resulted
in temperatures around 200 °C which is significantly lower than the temperatures experienced by the
highly laser deconsolidated samples. It is assumed that the emissivity of the material will not change
significantly between 200 and 470-530 °C.

The average from five repetitions was used as final emissivity value which is 0.80 with the individual
measurements ranging from 0.768 to 0.846. The individual measurement curves are shown in Figure
B.2. The thermocouple measurement in Figure B.2c¢ follows the thermal camera reading better than
the other measurements. It is not known why the other measurements, Figures B.2a, B.2b, and B.2d,
under-represent the temperature during heating and over-represent the temperature during cooling.

Kapton tape attaching CF/PEEK to tool

Thermocouple

Heated areas

Figure B.1: Thermocouple attachment to CF/PEEK tape.
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Figure B.2: Emissivity calibration curves, repeated four times, of thermocouple measured zone and
thermal camera zone, emissivity tuned to match peak temperature.

Using the same procedure, except for the ultrasonic welding step, Choudhary [49] obtained an
emissivity of 0.84 for half inch CF/PEEK tape from the same supplier. In that experiment, temperatures
above melt were reached, the thermocouple and thermal camera temperature are aligned well similar
to the measurement in Figure B.2c, but it is unclear which camera to object distance was used. The
results in Figure B.2 used a 0.25 m distance as explained in Section 4.2.2. Choudhary [49] obtained an
emissivity value of 0.855 for quarter inch CF/PEKI and Celik et al. found an emissivity of 0.85 for
that material at 220 °C which should perform similar to CF/PEEK. Based on these publications it is
assumed that the emissivity of CF/PEEK is constant. Di Francesco et al. [83] obtained an emissivity of
0.80 for CF/PEEK using the ASTM E1933 methodology with the thermal camera placed 0.3 m away,
at a 20 deg angle, evaluated between 350-450 °C.
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